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Electrochemical  methods  represent  important  ways  in  which  the  refractory  metal 
coatings  can  be  applied  to  the  more  active  metals  and  alloys  to  take  advantage, 
at  the  new  surface,  of  their  superior  properties  to  provide  erosion  and  corro¬ 
sion  protection.  Currently,  of  the  refractory  metals,  only  chromium  can  be 
plated  from  aqueous  solution,  albeit  in  a  form  that  is  not  entirely  free  of 
cracks  and  pores.  These  aberrations  in  the  coating  can  lead  to  protection 
failure  under  severe  conditions.  The  remaining  metals  can  be  plated  from 
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~ r molten  fluoride  electrolytes  at  temperatures  in  excess  of  700^C.  It  is  clear  that 
less  severe  operating  conditions  are  required  for  the  plating  of  these  metals,  to 
take  advantage  of  their  properties  in  coatings  upon  as  wide  a  range  of  materials 
as  possible .  The  plating  process  involves  the  transport  of  ionic  species,  estab¬ 
lished  in  an  ionic  medium, to  the  solution  electrode  interface  at  which  these 
species  undergo  electron  transfer  reactions  and  ligand  removal  to  form  metal  atoms 
at  favored  sites.  The  aggregation  of  these  atoms  into  clusters  of  nuclei,  their 
growth  into  crystallites,  and  the  accumulation  of  crystallites  into  a  coherent 
polycrystalline  metal  coating,  represents  the  final  stages  of  the  complex  process 
of  metal  plating.  This  program  of  work  has  explored  some  aspects  of  each  of  these 
contributing  processes  to  develop  a  scientific  basis  for  the  design  of  new  plating 
baths  and  techniques  which  can  be  operated  for  chromium  and  molybdenum  at  substan¬ 
tially  lower  temperatures. 

Molybdenum  is  a  metal  of  particular  interest  since  fluoride  plating  baths  are  not 
entirely  satisfactory  because  of  the  high  temperature  and  the  concomitant  insta¬ 
bility  of  the  solutions.  The  low  melting  zinc  chloride  -  alkali  metal  chloride 
mixtures  were  explored  as  alternative  electrolytes  for  molybdenum  (III)  solutions 
for  plating.  It  was  found  that  because  of  the  acidity  of  the  zinc  chloride,  in 
the  Lewis  sense,  the  solution  chemistry  of  Mo (III)  involves  the  formation  of  metal 
metal  bonded  complexes  which  modify  the  reduction  pathways  in  such  a  way  that  only 
lower  oxidation  states  are  reached  within  the  electrochemical  window  of  the  zinc 
chloride  containing  electrolytes  at  temperatures  between  270-400°C.  By  raising 
the  basicity  of  the  melt  and  employing  a  cation  combination  which  ensures  a  wider 
electrochemical  window,  the  problems  associated  with  the  solution  chemistry  of 
molybdenum  are  reduced.  In  the  LiCl-KCl  eutectic  mixture,  it  has  been  shown  that 
the  solutions  of  Mo  (III)  involve  an  equilibrium  between  a  monomer  and  a  dimer 
species  (of  the  chloride  bridging  type) .  The  equilibrium  constant  has  been 
determined  from  cyclic  voltammetric  and  potential  step  measurements.  The  forma¬ 
tion  and  growth  of  nuclei  from  these  melts  was  studied  briefly  and  the  nucleation 
rates  as  well  as  the  surface  interaction  energy  between  molybdenum  and  gold  were 
determined.  The  results  of  this  chemistry  suggest  ways  by  which  the  plating  of 
molybdenum  from  these  melts  can  be  successful.  The  electroplating  of  molybdenum 
was  demonstrated  by  using  pulsed  currents. 

The  solution  chemistry  of  chromium  (II)  and  (III)  in  halide  melts  is  considerably 
simpler  than  the  case  of  molybdenum.  It  has  been  suggested  that  such  solutions 
provide  an  improved  deposit  quality  which  for  specialized  applications  might 
justify  the  additional  difficulties  associated  with  employing  a  molten  salt  elec¬ 
trolyte.  From  a  fundamental  point  of  view,  the  chromium  system  offers  a  test  bed 
for  exploring  the  processes  of  nucleation  and  growth  of  metal  from  a  molten  salt 
electrolyte.  The  influence  of  temperature,  substrate  composition,  and  electrolyte 
composition  have  been  explored  for  the  deposition  of  chromium  from  Cr(II)  contain¬ 
ing  solutions  in  bromide  and  chloride  electrolytes.  The  measurements  have  been 
made  both  by  potential  step  and  current  step  methods.  The  values  obtained  for  the 
nucleation  rates,  from  classical  theory,  are  in  reasonable  agreement  from  the  two 
methods  as  are  the  surface  interaction  energies.  The  results  of  this  study  of 
chromium  again  indicate  how  coherent  deposits  of  the  metal  might  be  formed  and 
plating  experiments  have  shown  that  under  pulsed  current  conditions  coherent 
deposits  can  be  obtained  at  temperatures  as  low  as  335°C. 
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1.0  INTRODUCTION 


The  refractory  metals,  i.e.,  those  transition  metals  belonging  to 
Groups  IV-VIB  of  the  periodic  table  are  known  as  "super  metals"  because 
they  offer  useful  mechanical  and  chemical  properties  which  enable  them 
to  be  used  under  conditions  where  other  metals  fail.  Thus  they,  together 
with  their  alloys  are  commonly  used  in  extreme  conditions  such  as  those 
associated  with  high  acidity,  high  radioactivity,  high  temperatures,  and 
where  erosion  is  severe.  Of  particular  interest  are  conditions  where  high 
temperatures,  erosion  and  corrosion  coexist.  The  ability  to  form  protec¬ 
tive  coating  of  these  metals  and  alloys  becomes  paramount.  There  are 
numerous  methods  which  include  chemical  vapor  deposition,  plasma  spray¬ 
ing,  metalliding  and  electroplating  for  the  production  of  coating.  Elec¬ 
troplating  is  particularly  attractive  because  it  also  enables  thick  de¬ 
posits  (electroforms)  of  these  materials  to  be  produced. 

Electrodeposition  of  metals  from  molten  salts  has  been  practiced 
successfully  on  an  industrial  scale  for  the  winning  of,  for  example, 
aluminum,  magnesium,  calcium,  lithium,  and  sodium  (1).  Titanium,  tantalum, 
and  niobium  (2)  have  also  been  electrodeposited  in  dendritic  form  in  large 
scale  operations.  Electroplating,  on  the  other  hand,  requires  coherent 
metal  formation,  a  severe  restriction  which  has  limited  success  to  but  a 
fev  netals  which  include  the  refractory  metals,  the  precious  metals,  and 
aluminum.  Union  Carbide,  in  the  1960s,  announced  a  generalized  process 
for  electroplating  refractory  metals  from  molten  fluoride  electrolytes 
(2,4).  Table  1  shows  the  operating  temperatures,  metal  ion  oxidation 
states  and  reduction  pathways  for  these  processes  (2-4).  Molten  alkali 
fluorides  have  a  number  of  advantages  as  electrolytes.  They  are  good 
solvents  with  good  complexing  properties  which  enable  the  refractory 
metal  cations  to  be  stabilized  in  solution  in  a  variety  of  oxidation 
states.  High  solute  precursor  concentrations  are  thereby  achievable, 
leading  to  a  wide  range  of  plating  conditions.  The  alkali  fluoride  sol¬ 
vents  possess  high  conductivities  which  minimize  IR  losses  at  the  high 
rates  of  metal  deposition  possible.  The  molten  fluoride  electrolyte  acts 
as  a  fluxing  agent  to  remove  scale  from  work  pieces  within  the  electrolyte. 
The  wide  electrochemical  window  in  alkali  fluoride  solvents  provides  a 
versatile  electrolyte  both  suitable  for  the  electrodeposition  in  coherent 
form  of  all  nine  of  the  refractory  elements  at  moderate  cost  (4) .  On  the 
other  hand,  the  molten  fluoride  electrolyte  baths  possess  a  number  of  dis¬ 
advantages  amongst  which  are  the  following.  The  operation  of  the  elec¬ 
trolyte  baths  requires  temperatures  in  excess  of  600 °C,  see  Table  1,  which 
limits  the  choice  of  materials  for  the  construction  of  the  plating  cells 
and  for  the  substrates  available  as  cathodes.  In  addition,  composite 
materials  which  undergo  thermally  induced  transformations  may  be  excluded 
even  though  they  are  solid  at  the  plating  bath  temperature.  The  electrolyte 
cam  be  modified  by  atmospheric  contamination,  and  the  plating  process  is 
sensitive  to  impurities  such  as  oxide  and  chloride  ions  (5) .  When  lithium 
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TABLE  1 


SUMMARY  OF  THE  ELECTROCHEMISTRY  OF  REFRACTORY 
METALS  IK  MOLTEN  FLUORIDE  MELTS 


Mean 

Group  T°C  Element  Valency  Reduction  Sequence 


Group  IV 

- 

Ti 

3 

Ti3* 

Ti 

700 

Zr 

4 

Zr4* 

*♦ 

Zr 

700 

Hf 

4 

Hf4* 

Hf 

Group  v 

600/800 

V 

3 

V3* 

-¥■ 

V 

600 

Nb 

4 

Nb4* 

Nb*  ■* 

Nb 

600/800 

Ta 

5 

Ta5* 

Ta2*  -* 

Ta 

Group  VI 

700/1000 

Cr 

37 

Cr3* 

-* 

Cr2*  * 

Cr 

700 

Mo 

3.3 

Mo3* 

Mo 

700 

N 

4.S 

W4* 

W 

containing  electrolytes  are  used,  cleanup  of  the  plated  article  can  be  a 
problem  because  of  the  low  solubility  of  the  fluoride  salt,  and  finally, 
fluorides  and  their  vapors  are  toxic. 

Prior  to  and  subsequent  to  the  development  of  the  Union  Carbide 
process,  many  electrolyte  compositions  have  been  considered  for  electro¬ 
plating  of  the  refractory  metals.  Oxyanionic  melts  have  been  examined 
(6-8) ,  but  the  ease  of  reducibility  of  the  oxyanion,  the  strong  prob¬ 
ability  for  oxygen  contamination,  through  oxidation  of  the  metal  during 
reduction  of  the  oxyanion  and  the  formation  of  anodic  oxide  films,  limit 
the  usefulness  of  these  melts.  On  the  other  hand,  early  work  had  shown 
that  in  the  case  of  tungsten,  complex  mixture  of  borates  and  tungstates 
could  lead  to  the  formation  of  coherent  tungsten  plates  (6) .  Recent 
results  for  molybdenum  and  tungsten  (8)  have  suggested  that  molybdates 
and  tungstates  can  be  employed  as  precursors  for  metal  formation  from 
halide  electrolytes.  Liquid  organic  salts  such  as  the  quaternary  'onium 
salt  represent  another  alternative  solvent  group  for  plating  baths.  These 
have  been  considered  either  as  a  component  in  a  mixture  with  aluminum 
halides  (9,10)  or  in  the  pure  state.  The  aluminum  chloride  based  melt6 
appear  to  favor  cluster  compound  formation  (11)  and  are  good  solvents  for 
such  syntheses  (12).  So  far,  experiments  have  failed  to  produce  coherent 
metal  deposits  of  the  refractory  metals  from  these  melts  (13) . 

The  present  research  has  focused  upon  two  fundamental  aspects  of 
the  electroplating  of  the  refractory  metals  -  chromium  and  molybdenum: 
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•  Electrolyte  compeer cron  and  the  association  solution 
chemistry  and  reduction  pathways  to  metal. 

•  The  mechanisms  and  kinetics  associated  with  the  elec¬ 
trocrystallization  of  these  two  metals. 

At  the  same  time,  an  attempt  has  been  made  to  use  the  information  gained 
in  the  studies  to  develop  current  pulsed  plating  for  these  metals. 

In  the  case  of  electrolyte  composition,  the  cation  and  anion  com¬ 
ponents  of  the  electrolyte  determine  the  electrochemical  range  of  stability 
of  the  electrolyte  and  hence  the  suitability  for  the  reduction  of  the 
refractory  metal  ion  component.  In  addition,  the  cations  and  anions  play 
a  major  role  in  determining  the  stability  of  the  metal  precursor  and  the 
charge  requirement  for  the  electroreduction  process.  It  is  well  known 
that  the  pure  refractory  metal  compounds  in  high  oxidation  states  exhibit 
high  volatility  and  disproportionation  chemistry  (14).  In  their  lower 
oxidation  states,  these  compounds  are  often  complex  and  involve  metal- 
metal  bonded  species  (15)  which  may  undergo  disproportionation  or  poly¬ 
merization.  The  behavior  of  such  species  in  molten  electrolyte  solutions 
is  not  well  known  and  is  a  major  task  which  will  have  to  be  addressed  in 
order  to  improve  the  design  of  alternate  plating  baths.  The  successful 
use  of  fluoride  electrolytes  as  plating  baths  probably  arises  from  the 
strong  complexing  power  of  the  fluoride  ions  which  results  in  simpler 
solution  chemistry  in  these  electrolytes. 

The  initial  phase  of  the  work  attempted  to  develop  compositions  of 
zinc  chloride-potassium  chloride  for  the  deposition  of  molybdenum  at  temper¬ 
atures  considerably  below  those  required  in  the  fluoride  process.  It  turns 
out  that  these  melts  apparently  favor  the  formation  of  intermediates  which 
modify  the  pathway  to  metal  in  such  a  way  that  the  reduction  of  the  solvent 
cations  (Zn+2)  occurs  prior  to  molybdenum  metal  formation.  Under  these 
circumstances,  attention  was  turned  toward  the  use  of  low  melting  alkali 
halide  mixtures  which  perhaps  offer  the  best  alternative,  low  temperature 
of  operation,  solvents  for  the  development  of  electroplating  baths  for  the 
refractory  metals  (VIA) ,  and  studies  in  both  chloride  and  bromide  mixtures 
are  reported. 

In  the  case  of  the  metal  electrocrystallization  mechanisms,  it  is 
important  to  know  both  the  reduction  pathway  to  metal  (Table  1) ,  and  the 
kinetics  of  the  reduction  of  the  metal  ion  to  coherent  metal .  It  turns 
out  that  the  electrochemistries  of  chromium  and  molybdenum  involve  in¬ 
creasingly  complex  reduction  pathways  which  enable  different  aspects  of 
the  metal  forming  processes  to  be  examined.  The  electroreduction  of  Cr(XI) 
ions  to  metal  provides  a  relatively  simple  example  of  metal  formation  from 
the  solution  complex  CrCl4~2.  In  contrast,  the  reduction  of  molybdenum 
occurs  from  Mo (III)  ions  which  exist  in  two  forms  in  solution,  and  conse¬ 
quently  the  reduction  process  is  complicated  by  the  presence  of  a  preceding 
chemical  equilibrium.  The  results  of  potential  step  experiments  in  this 
work  show  that  the  growth  of  depositing  molybdenum  metal  nuclei  reflects 
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the  presence  of  this  preceding  reaction.  Ir.  conjunction  with  results  from 
other  studies  (16) ,  it  is  also  clear  that  the  solution  chemistry  in  the 
form  of  cation  composition  plays  a  role.  Previous  work  with  liquid  metal 
electrodes,  where  electrocrvstal lization  processes  are  absent,  has  shown 
that  in  molten  salts  at  around  450  °C  the  exchange  current  density  for  the 
charge  transfer  process  is  greater  than  1  A  cm- 2  (17).  The  results  frcan 
the  studies  of  chromium  phase  formation  show  that  the  initial  nucleation 
process  depends  upon  the  nature  of  the  substrate  and  the  temperature. 

These  studies  have  identified  the  importance  of  the  metal  electro¬ 
crystallization  processes  in  refractory  metal  deposition  which  extends  the 
recent  results  for  silver,  cobalt,  and  copper  deposition  in  molten  salts. 
These  results  are  particularly  relevant  to  the  understanding  and  design 
of  electroplating  and  forming  of  the  refractory  metals  and  are  the  first 
of  their  kind  for  these  metals.  The  details  of  these  processes  and  their 
relationships  to  the  control  of  the  physical  properties  of  the  deposit, 
including  grain  size  hardness  as  well  as  diffusion  and  reaction  over¬ 
voltages,  remains  to  be  fully  quantified  and  should  be  an  important  aspect 
of  fundamental  studies  in  the  area  of  refractory  metal  plating  in  the 
future . 


2 . 0  EXPERIMENTAL 


2.1  Materials 


Table  2  summarizes  the  chemical  compounds  ai.d  materials,  their 
sources,  and  qualities  used  in  this  study.  The  solvents  for  use  in  the 
studies  reported  here  were  prepared  from  the  salts  in  Table  2.  Their 
compositions  are  as  follows: 


ZnCl2 

:KC1 

mp. 

262°C 

mol% 

71 

:29 

ZnCl2 

:KCi 

mp. 

250°C 

mol% 

51.5 

:48 . 5 

LiCl 

:KC1 

mp. 

365  CC 

mol% 

59 

:41 

LiBr 

:KBr  :CsBr 

mp. 

236°C 

mol% 

56 

:19  :25 

2 . 2  Solvent  Preparation 

The  solvents  were  prepared  in  300-500  gram  batches  using  some  or 
all  of  the  following  unit  operations  whose  detail  has  been  discussed 
previously  (18). 

•  Vacuum  desiccation  of  each  individual  salt  prior  to 
makeup  of  the  appropriate  mixture. 

•  Stepwise  vacuum  drying  of  the  mixture  to  just  below 
the  melting  point. 

•  Melting  under  appropriate  hydrogen  halide  atmosphere 
and  subsequent  treatment  of  the  liquid  with  the  acid 
gas  to  remove  oxide,  hydroxide  and  water. 

•  Displacement  of  hydrogen  halide  by  argon. 

•  Preelectrolysis  between  tungsten  cathode  and  graphite 
anode  under  reduced  pressure  to  remove  trace  metal 
ion  impurities. 

•  Filtration  to  remove  solid  matter. 

•  Inert  gas  transfer  of  cooled  product  from  filtration  appa¬ 
ratus  to  dry  box.  Storage  in  sealed  individual  bottles. 

The  series  of  operations  was  carried  out  in  a  Pyrex  vessel  on  a  vacuum 
line  (19) .  Preelectrolysis  was  carried  out  at  a  constant  voltage  which 


TABLE  2 


MATERIALS  USED  IN  EXPERIMENTAL  WORK 


Chemical 

Quality 

Source 

Salts 

LiCl 

Certified 

Fisher 

KC1 

ACS  Certified 

Fisher 

ZnCl2 

ACS  Reagent 

Aldrich 

LiBr 

Purified 

Fisher 

KBr 

ACS  Certified 

Fisher 

CsBr 

99% 

Alfa 

AgCl 

Certified 

Fisher 

AgBr 

5N  Grade 

Cerac 

K3M0CI4 

Climax 

Reagent 

Paltz 

CrCl2 

Anhydrous 

Alfa 

CrBr  3 

>99% 

Cerac 

Metals  and  Carbons 

Chromium 

Aluminothermic 

Molybdenum 

3N7  sheet 

Alfa 

Tungsten 

3N8  sheet 

Alfa 

Platinum 

4N  sheet/wire 

Alfa 

Gold 

100%  sheet/wire 

Johnson  Matthey 

Silver 

100%  wire 

Johnson  Matthey 

Copper 

5N  sheet/wire 

Alfa 

Nickel 

200  shim 

Shop  Aid  Inc. 

Stainless  Steel 

304  shim 

Shop  Aid  Inc. 

Vitreous  carbon 

3mm  rod  V25 

Le  Car bonne 

Graphites 

6  mm  rod  Spec  pure 

Johnson  Matthey 

Gases 

Argon 

UHP 

Airco 

Hydrogen  chloride 

Electronic  Grade 

Airco 

Hydrogen  bromide 

Airco 
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was  selected  to  be  compatible  with  the  cation  composition  of  the  melt 
but  give  as  wide  a  voltage  span  as  possible  (16,20).  A  typical  current 
time  curve  for  the  oreelectrolysis  of  the  ternary  bromide  melt  is  shown 
in  Figure  1.  Typical  background  cyclic  voltammograms  on  gold  electrodes 
for  the  four  purified  solvents  are  shown  in  Figure  2.  The  melting  point 
of  the  ternary  bromide  melt  was  measured  and  the  cooling  curve  is  shown 
in  Figure  3 . 

2 . 3  Experimental  Apparatus  and  Electrochemical  Cells 

2.3.1  General 

The  gas  lines  and  vacuum  system  are  shown  schematically  in  Figure 
4.  The  cells  were  connected  to  the  vacuum/gas  lines  via  a  flexible  stain¬ 
less  steel  tube  fitted  with  Pyrex  cup  joints.  The  header  for  the  purifica¬ 
tion  cell  C  was  a  Pyrex  top  hat  with  four  #7  Ace  thread  joints  which  carried 
the  bubbler,  breaker  and  preelectrolysis  electrodes  sealed  with  viton  "O" 
rings  backed  by  Teflon  bushes  (18).  Rotary  pumps  enabled  pressures  to  be 
reduced  to  less  than  10  microns. 

The  electrochemical  cells  were  heated  in  furnaces  with  wire  wound 
resistance  elements  either  fed  by  two  adjustable  10  ampere  variacs  or  a 
Eurotherrr:  temperature  controller  ana  power  supply.  The  temperatures  were 
monitored  with  chromel  alumel  thermocouples  either  mounted  near  the  furnace 
el-:  '.ents  for  control  or  in  the  cells  for  temperature  measurement.  The 
thermocouples  were  calibrated  and  supplied  by  Omega. 

Two  cell  designs  were  used  in  this  program  of  study  and  are  illus¬ 
trated  in  Figure  5.  The  cell  for  the  electrochemical  measurements  con¬ 
sisted  of  a  75  mm  diameter  silica  envelope  30-50  cm  long  and  capped  with 
a  water  cooled  header  which  made  an  "O"  ring  seal  to  the  tube.  Electrodes 
were  introduced  into  the  cell  through  #7  Ace  screw  thread  adapter  joints 
sealed  with  viton  "O"  rings.  The  electrolyte  was  contained  in  an  alumina 
crucible.  In  the  case  of  the  plating  experiments,  cell  (B)  was  used.  The 
outer  Pyrex  vessel,  closed  at  one  end,  was  120  mm  in  diameter  and  45  cm  long 
with  a  flange  to  accommodate  the  Pyrex  cell  cap.  It  was  provided  with  a 
central  tower  held  in  a  24  mm  Cajon  adapter  to  enable  cathodes  to  be  in¬ 
troduced  into  the  cell  without  exposing  the  electrolyte  to  the  atmosphere. 
The  electrolyte  bath  was  contained  in  an  alumina  crucible  (McDanel  99.9*), 

85  mm  diameter  and  160  mm  high.  Inert  gas  could  be  introduced  and  main¬ 
tained  in  the  cathode  tower  assembly  as  well  as  the  main  cell  compartment. 

2.3.2  Electrodes 


Counter  Electrodes.  In  the  case  of  plating  experiments,  the  counter 
electrodes  were  of  the  metal  to  be  plated.  Molybdenum  sheet  was  used  to 
form  an  anode  which  was  held  with  a  steel  screw  on  a  molybdenum  holder 
supported  on  a  stainless  steel  rod,  mounted  in  a  7  mm  Pyrex  tube.  Irreg¬ 
ular  size  pieces  of  chromium  were  spot  welded  to  a  thick  platinum- rhodium 
wire  supported  in  a  7  mm  Pyrex  tube.  In  the  basic  electrochemical  experiments. 
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large  gold  flag  electrodes,  were  used,  A  spectroscopically  pure  graphite 
rod,  mounted  on  a  stainless  steel  support  rod  in  a  separate  Pyrex  counter 
compartment  was  used  as  a  cathode  during  the  anodic  generation  of  Cr(II) 
ions . 

Working  Electrodes.  Working  electrodes  were  made  of  gold,  platinum, 
vitreous  carbon,  molybdenum,  copper,  nickel,  tungsten,  and  stainless  steel. 
For  plating  experiments,  only  the  latter  five  metals  were  used  in  the  form 
of  1-2  cm2  coupons  screwed  to  a  stainless  steel  or  molybdenum  support  which 
in  turn  was  threaded  onto  a  stainless  steel  (3/16th)  rod  mounted  in  a  14  mm 
Pyrex  tube.  The  microelectrodes  for  basic  studies  were  flags,  spheres,  or 
cylinders  of  the  appropriate  metal.  They  were  made  by  sealing  the  metal 
wire  in  an  alumina  capillary  leaving  a  small  protruding  spherical  bead  of 
the  metal.  For  planar  electrodes,  a  small  flag  of  the  metal  (<0.5  cm2)  was 
attached  to  a  minimum  of  protruding  metal.  This  procedure  is  easily  achieved 
with  platinum  and  gold,  but  for  the  other  metals,  it  is  a  question  of  trial 
and  error  until  a  satisfactory  electrode  is  obtained.  Molybdenum  was  also 
sealed  into  Pyrex  to  form  simple  cylindrical  electrodes.  Planar  vitreous 
carbon  electrodes  were  made  by  sealing  3  mm  diameter  pieces  into  Pyrex  at 
around  600°C  under  vacuum  after  first  treating  the  vitreous  carbon  (VC) 
to  prolonged  heating  at  900 °C  under  reduced  pressure  to  remove  trapped 
gases.  The  Pyrex  tube  was  attached  to  a  silica  thermal  treatment  section 
via  a  graded  seal  and  possessed  a  Pyrex  side  arm  for  the  vacuum  connec¬ 
tion.  These  procedures  are  modifications  of  those  published  by  other 
authors  (21,22).  The  sealed  end  was  cut  and  polished  to  provide  a  scratch 
free  surface.  The  contact  between  the  vitreous  carbon  and  the  silver  lead 
wire  was  made  using  fine  graphite  powder. 

Gold  and  platinum  electrodes  were  cleaned  by  electrocycling  in 
sulfuric  acid  (23)  .  The  copper  and  nickel  electrodes  for  basic  studies 
were  degreased  in  acetone/chloroform,  washed  in  distilled  water,  and 
electropolished  using  the  procedures  given  in  Smithells  (24) .  In  the 
plating  experiments,  electrodes  were  degreased  and  washed  in  distilled 
water  and  dried  by  evacuation.  All  geometric  electrode  areas  were 
determined  with  the  optical  microscope  and  compared  with  those  (Au,Pt,VC) 
measured  chronopotentiome trie ally  with  a  solution  of  thallium  nitrate  in 
1M  potassium  nitrate  at  25°C.  The  diffusion  coefficient  of  T1+  used  in 
the  calculation  of  the  area  is  that  reported  by  Wolfe  and  Caton  (25) . 

Reference  Electrodes.  The  silver/silver  (I)  redox  couple  was  used 
(19) .  The  appropriate  silver  salt  was  dissolved  in  the  solvent  by  mixing 
the  components  together  in  a  small  Pyrex  tube,  sealed  under  vacuum,  and 
melted  to  form  the  solution.  The  sample  was  quenched  and  handled  subse¬ 
quently  in  the  dry  box  to  make  individual  reference  electrodes.  The  con¬ 
centrations  of  Ag+  in  the  reference  electrodes  used  were : 

Acid  zinc  chloride  melt  AgCl  =  0.16  molal 

Basic  zinc  chloride  melt  AgCl  =0.16  molal 

Standard  lithium  chloride  melt  AgCl  =  0.163  molal 
Standard  lithium  bromide  melt  AgBr  =  0.141  molal 


The  potentials  in  the  figures  are  quoted  with  respect  to  the  appropriate 
reference  electrode.  The  electrode  was  made  by  containing  about  0.5-1 
gram  of  the  silver  (I)  solution  in  a  Pyrex  bulk.  A  silver  lead  wire  was 
introduced  to  run  from  the  inside  of  the  bulb  to  the  upper  end  of  the  7  mm 
Pyrex  tube  where  it  was  sealed  with  epoxy  cement  (see  Figure  6) . 

Auxiliary  reference  electrodes  were  also  used  in  the  form  of  the 
chromium  or  molybdenum  metal  dipping  into  the  electrolyte  solutions  of 
their  respective  ions  under  study.  Quasi-reference  electrodes  of  gold 
or  platinum  sheet  were  used  to  reduce  the  effect  of  the  relatively  high 
impedance  of  the  glass  bulk  of  the  silver  electrode  in  the  potentiostatic 
circuitry  experienced,  particularly  at  the  lower  temperatures  (<450°C) . 

Other  Inserts.  A  number  of  other  inserts  were  used  which  include 
an  addition  tube,  a  gas  bubbler  and  gas  outlet  assembly  and  thermocouple 
sheath.  These,  together  with  the  electrodes,  are  illustrated  in  Figures 
6  and  7 . 

2.4  Electrochemical  Techniques 

2.4.1  General 

The  electrochemical  instrumentation  was  based  upon  the  Amel  551 
fast  rise  time  potentiostat  (0.1  ys  at  full  load)  modulated  by  a  PAP  175 
waveform  generator.  The  current  or  voltage  transients  were  recorded  on  a 
Bascom-Turner  8120  series  microprocessor  controlled  recorder  and  stored 
on  floppy  discs  for  further  analysis.  Cyclic  voltammetry  and  chrono- 
potentiometry  were  carried  out  in  this  mode.  Normal  pulse  voltammetry 
and  differential  pulse  voltammetry  were  employed  in  a  limiting  manner 
using  a  PAR  174a  polarograph. 

Single  and  double  potential  step  and  galvanostatic  step  measure¬ 
ments  were  also  performed  using  the  Amel/PAR  175  combination.  The 
transients  were  again  recorded  with  the  Bascom-Turner  8120.  Data  from 
the  BT  could  be  transported  to  and  from  the  Apple.  The  analysis  of  this 
data  was  performed  using  BT  software  and  also  with  software  developed  for 
the  Apple  11+  computer. 

2.4.2  Pulse  Plating 

Only  pulsed  current  plating  has  been  attempted  in  this  study.  In 
principle,  the  PAR  175  can  be  used  to  generate  a  pulsed  current  waveform, 
as  shown  in  Figure  8a  from  the  Amel  551  potentiostat  using  a  known  resist¬ 
ance  in  the  control  loop.  The  control  of  the  duty  cycle  is  limited  to 
toff /ton  =  11 •  Consequently,  the  pulses  were  generated  using  a  second 
PAR  175  to  control  the  period  while  the  first  controlled  the  current 
amplitude  and  pulse  length.  Figure  8b  shows  the  circuit  used  in  conjunc¬ 
tion  with  a  PAR  173/176  potentiostat  current  follower.  The  circuit  also 
shows  the  BT  8120  connected  to  acquire  records  of  the  potential  response 
of  the  cathode  during  pulse  plating.  This  data  acquisition  was  controlled 
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Fig.  8.  (a)  Pulsed  current  waveform  and  (b)  circuit  diagram 

for  generation  of  current  pulses  and  capture  of  resultant 
potential  time  transients. 


via  a  keystroke  program  written  for  this  purpose.  In  sone  experiments, 
the  following  data  was  acquired: 

0  First  14  consecutive  pulses. 

•  Pulses  after  1  min,  5  min,  15  min,  30  min,  and  60  min. 

•  Thereafter,  a  pulse  every  60  min  until  the  end  of  the 
plating. 


The  data  were  stored  on  disc  and  could  be  plotted  and  examined  at  the  end 
of  the  experiment. 

2 . 5  Electrochemical  Procedures 

2.5.1  General 

The  cell  components,  made  of  Pyrex,  silica  and  ceramics,  which  came 
into  contact  with  the  experimental  reagents  were  cleaned  with  50%  H2SO4- 
50%  HNO3  mixture  to  degrease  and  clean  their  surfaces.  Such  components 
were  subsequently  soaked  in  distilled  water  and  rinsed  until  clean  before 
drying  in  the  oven.  Metal  parts  such  as  brass  cell  heads  were  cleaned 
with  50%  nitric  acid,  washed  with  water,  acetone  and  finally  rinsed  with 
distilled  water  and  air  dried.  Each  electrode  assembly  was  tested  for 
vacuum  tightness  and  to  remove  any  moisture. 

2.5.2  Fundamental  Studies 

The  cells  were  assembled  and  transferred  to  the  dry  box  via  the 
evacuable  port.  Solvents  were  weighed  in  the  dry  box  and  mixed  where 
appropriate  with  solutes.  Alternatively,  pellets  of  solute  were  prepared, 
weighed,  and  loaded  into  the  addition  tube.  Reference  electrodes  were  also 
prepared  using  dry  box  techniques  prior  to  introduction  into  the  cell.  The 
cell  was  removed  from  the  dry  box, introduced  into  the  furnace  at  50°C, 
attached  to  the  vacuum  line,  and  pumped  down  to  <10  pm.  In  some  experiments 
the  cells  were  heated  to  the  salt  melting  point  under  vacuum,  but  in  others 
the  cell  was  filled  with  argon  before  the  salt  was  melted.  In  the  case  of 
the  chromium/chloride  system,  chromium  (II)  ions  were  introduced  by  anodic 
dissolution  at  constant  potential.  The  electrodes  were  lowered  into  the 
cell  as  required,  all  potentials  being  monitored  via  the  reference  elec¬ 
trode.  The  electrodes  were  connected  to  a  control  panel  and  could  be 
switched  into  circuit  as  required  by  the  particular  experiment. 

2.5.3  Plating  Studies 

Because  of  the  size  of  the  plating  cell,  different  procedures  were 
necessary.  The  purified  melt  was  loaded  into  the  large  alumina  crucible 
in  the  dry  box.  The  crucible  was  covered  with  aluminum  foil  and  quickly 
transferred  from  the  box  into  the  assembled  plating  cell.  The  cell  was 
evacuated  backfilled  with  argon,  and  placed  in  the  furnace  and  heated 
slowly  to  the  operational  temperature.  The  solution  chemistry  was  checked 


by  running  voltammograms  prior  to  carrying  out  the  plating  experiments. 
Generally,  several  DC  runs  were  made  prior  tp  pulse  plating.  The  indi¬ 
vidual  cathodes  were  cleaned,  measured,  and  weighed  before  being  attached 
tc  the  cathode  holder.  The  cathode  unit  was  then  placed  in  a  separate 
tube,  evacuated,  and  backfilled  with  argon  before  being  placed  into  the 
top  of  the  cathode  entry  port.  This  ensured  minimal  transfer  of  air  into 
the  cell  by  the  large  cathode  support  tube.  The  electrode  was  attached  to 
the  pulse  generator  circuit,  Figure  8,  set  with  the  appropriate  plating 
waveform,  and  the  electrode  was  lowered  into  the  electrolyte  to  a  known 
depth.  The  time  of  immersion  was  noted  and  the  electroplating  was  carried 
out.  In  some  cases,  data  was  collected  for  the  potential  response  of  the 
cathode  during  the  plating.  The  electrode  was  finally  raised  above  the 
melt  and  cooled  as  it  was  slowly  raised  up  the  tower.  The  electrode  was 
removed  under  a  fast  flow  of  inert  gas.  The  deposit  was  washed  and  char¬ 
acterized  by  a  visual  inspection,  low  power  microscopic  examination,  elec¬ 
tron  microscopy,  and  electron  dispersive  X-ray  analysis. 


3.1 


Program  Overview 

The  course  of  this  work  was  required  to  take  a  number  of  related 
but  distinct  directions.  The  overall  goal  was  the  advancement  of  the 
understanding  of  the  electrochemistry  of  refractory  metals,  particularly 
chromium  and  molybdenum  in  molten  halide  solvents.  Two  specific  goals 
were  initially  envisaged  which  required  the  investigation  of  zinc  chloride 
melts  as  low  temperature  media  for  molybdenum  plating.  In  parallel  with 
this,  the  nature  of  the  early  stages  of  chromium  deposition  were  to  be 
examined  in  view  of  the  importance  of  chromium  plating  for  high  tempera¬ 
ture  erosion  control.  As  the  work  developed,  other  goals  were  required 
which  included  the  study  of  molybdenum  electrochromistry  in  LiCl-KCl, 
the  development  of  a  solvent  with  a  lower  operating  temperature  than  the 
LiCl-KCl  currently  being  assessed  for  chromium  plating,  as  well  as  the 
application  of  pulsed  current  plating  for  molybdenum  and  chromium.  The 
results  of  this  fundamental  program,  of  work  are  presented  in  the  order  of 
solution  chemistry,  electrocrystallization  effects,  and  plating  for  the 
two  metals  of  interest. 

3 . 2  Solution  Chemistry  of  Chromium  in  Alkali  Metal  Halide  Melts 

3.2.1  Solutions  of  Cr(II)  in  Lithium  Chloride  - 
Potassium  Chloride  Eutectic  Mixture 


The  behavior  of  Cr(II)  ions  in  this  solvent  system  was  investigated 
at  425  and  450°C.  Because  the  oxidation  of  Cr(II)  is  rather  anodic,  the 
solution  chemistry  is  best  explored  with  noble  metal  electrodes  such  as 
platinum  and  gold  as  well  as  vitreous  carbon.  Solutions  of  Cr(II)  ions 
in  the  eutectic  solvent  were  prepared  by  anodic  dissolution  using  alumino- 
thermic  quality  chromium.  The  oxidation  as  well  as  the  reduction  of  Cr(II) 
ions  are  readily  observed  in  this  solvent.  Figure  9  shows  normal  pulse 
voltammograms  acquired  on  a  gold  electrode  for  the  redox  processes  of 
these  ions  in  dilute  solution.  The  reduction  process  shows  a  limiting 
current,  but  the  foot  of  the  wave  is  somewhat  distorted  on  the  gold  elec¬ 
trode  and  no  qualitative  results  were  obtained.  The  oxidation  process 
shows  a  limiting  current  with  a  half  wave  potential  of  0.26V  vs.  the 
Ag/Ag(I)  reference  electrode  used  at  425°C.  At  450°C,  the  difference  in 
the  standard  potentials  for  Ag/Ag(I)  and  Cr (III)/Cr (II)  is  0.22V.  The 
potential  dependence  of  the  current  is  consistent  with  the  relationship* 

E  =  Ej  -  RT/nFln[(iL/i)  -  1]  [1] 

as  shown  in  Figure  10  where  the  log  term  is  plotted  as  a  function  of  the 
potential  (E).  A  one  electron  process  is  deduced  from  the  slope  of  this 
plot  consistent  with  the  reaction: 


E ( V )  vs.  Ag  REFERENCE  ELECTRODE 


1.50  1.25 
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E( V)  vs.  Ag  REFERENCE  ELECTRODE 


Fig.  0.  Normal  pulse  voltammograms  for  (a)  reduction  and 
(b)  oxidation  of  Cr(II)  ions  in  LiCl-KCl  eutectic  mixture 
at  425°C.  Gold  microelectrode  (0.4  cm2),  ( - )  reverse 


E(V)  vs.  Ag  REFERENCE  ELECTRODE 


Fig.  10.  Plot  of  log{ (i^/i) -l}  vs.  potential  for  the  oxidation 
of  Cr(II)  in  LiCl-KCl  solution  at  425°C.  (RT/nF)  measured  -0.146V 
(RT/nF)  =  (0.139/n)  V. 


Tne  diffusion  coefficient  for  Cr(Il)  ions  was  calculated  from  the  limiting 
current  expression : 

iL  =  [nFACD^ ] / [tax ] *  [3] 

where  it  for  the  PAR  174A  is  0.04  seconds.  The  diffusion  coefficient  is 
determined  to  be  1.25  x  10“^  cm^s-1. 

Cyclic  voltammetric  and  chronopotentiometric  measurements  from  the 
rest  potential  showed  both  cathodic  and  an  anodic  response  corresponding 
to  the  reduction  and  oxidation  cf  Cr(II)  icr.s  in  the  melt.  Figures  11 
and  12  illustrate  typical  voltammograms  and  chronopotentiograms  obtained 
at  low  concentrations.  Tables  3  and  4  show  some  results  obtained  on  gold 
electrodes  from  such  measurements.  The  results  obtained  some  17  hours 
after  those  in  Table  3  are  illustrated  in  Table  5  for  the  cathodic  and 
anodic  processes.  Figure  13  shows  the  change  in  concentration  with  time 
after  electrolysis  as  determined  from  the  Cr/Cr(II)  electrode  potentials 
and  the  Nernst  equation,  assuming  that  the  temperature  coefficient  deter¬ 
mined  by  Yang  and  Hudson  (26)  are  appropriate  to  account  for  the  tempera¬ 
ture  differences  between  450°C  and  425°C.  In  any  event,  the  relative 
concentration  changes  are  demonstrated.  Although  such  changes  occur  at 
the  higher  concentrations,  the  magnitudes  of  the  concentration  changes 
are  less. 

Table  6  compares  cyclic  voltammetric  data  acquired  on  platinum 
and  gold  electrode  substrates  at  450°C  at  higher  concentrations  of 
Cr(II)  ions.  Integration  of  the  voltammograms  using  the  Bascom-Turner 
8120  recorder  enabled  the  charge  to  the  peak  for  the  anodic  process  to 
be  calculated  for  a  reversible  process  involving  a  soluble  product.  The 
charge  is  given  by : 

Qp  =  0.437  x  nFCA  x  [DRT/vnF]*  [4] 

Table  6  shows  the  values  of  Qpv  ^  obtained  for  the  cases  of  gold  and  plat¬ 
inum  electrodes.  In  the  case  of  the  reduction  process  at  these  two  elec¬ 
trodes,  the  ratio  of  forward  to  reverse  charge  as  well  as  the  charge  to 
the  peak  potential  were  evaluated  and  are  given  in  Table  6.  The  integral 
of  the  voltaircnetric  current  expression  given  by  Delahay  (27)  for  the  process 
in  which  metal  is  deposited,  assuming  unit  activity  is: 

2p  =  0.8325  x  nFAC [D  Ep/v ] *  [5] 

where  at  450 °C 

Ep  =  Ep  -  EX  =  0 . 8540RT/ nF  =  0.053/n  16] 

The  anodic  process  cn  platinum  shows  evidence  for  a  prepeak  even 
at  low  scan  rates.  The  response  on  gold  shows  no  evidence  for  a  prepeak. 
Figure  14  illustrates  a  typical  response  for  these  electrodes. 
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Fig.  12.  Current  reversal  chronopotentiograms  for  the  oxidation 
(a)  and  reduction  (b,c)  of  Cr(II)  in  LiCl-KCl  eutectic  at  425°C 
on  a  gold  electrode  (0.43  cm2)  (a,b)  and  on  a  chromium  coated 
copper  electrode  (0.5  cm2).  Concentration  of  Cr(II)  -  (a,b) 

8.8  mM  and  (c)  13  mM;  current  (a,b)  2  mA,  (c)  7  mA. 
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TABLE  3 


CYCLIC  VOLTAMMETRIC  DATA  ON  GOLD 
ELECTRODES  AT  7  mM  Cr(II)  at  425°C 


a.  Reduction  Ei  =  -0.745V  versus  Ag  reference 


V 

V/s 


Current 

mA 


-Ep 

volts 


AEp/2 

volts 


ip/v1/2 
mA (s/V) l/2 


0.020 

1.13 

0.85C 

0.014 

7.99 

0.050 

1.75 

0.853 

0.015 

7.83 

0.100 

2.75 

0.857 

0.018 

8.13 

0.200 

3.75 

0.865 

0.020 

7.98 

1.00 

8.15 

0.880 

0.025 

8.15 

2.00 

12.0 

0.890 

0.040 

8.49 

5.00 

20.5 

0.910 

0.050 

9.17 

10.00 

28.9 

0.950 

0.130 

9.13 

Oxidation  Ei  =  -0.738V  versus  Ag  reference 


v 

V/s 


Current 

mA 


Ep 

volts 


AEp/2 

volts 


e1/2 

volts 


ip/v*/2 

(ib/if )p  mA (s/V) ^^2 


0.050 

0.347 

0.350 

0.143 

1.04 

1.55 

0.050 

0.395 

0.340 

0.133 

0.275 

1.02 

1.77 

0.100 

0.470 

0.347 

0.143 

1.06 

1.49 

0.100 

0.555 

0.345 

0.145 

0.275 

1.03 

1.76 

0.150 

0.635 

0.350 

0.146 

0.275 

1.04 

1.64 

0.200 

0.770 

0.350 

0.149 

1.05 

1.72 

0.300 

0.905 

0.350 

0.150 

1.06 

1.65 

Mean 

0.347 

0.144 

0.275 

1.04 

1.65 

Standard 

Deviation 

0.004 

0.006 

- 

0.02 

0.11 
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TABLE  4 


CHRONOPOTENTIOMETRIC  DATA  ON  GOLD  ELECTRODES 
AT  7  mM  Cr(II)  AT  425°C 


a.  Reduction  Ej  =  -0.755V  versus  Ag  reference 


Current 

mA 

T 

sec 

-Et/4 

volts 

Tb/T  f 

iTl/2 

mAs^/2 

2.0 

1.00 

0.820 

1.11 

2.00 

2.0 

1.10 

0.830 

1.14 

2.10 

4.0 

0.376 

0.780 

1.47 

2.45 

4.0 

0.401 

0.787 

0.91 

2.53 

6.0 

0.195 

0.862 

1.39 

2.65 

6.0 

0.108 

- 

0.72 

- 

8.0 

0.105 

- 

2.01 

2.59 

8.0 

0.069 

- 

1.42 

- 

b.  Oxidation 

Ei  = 

-0.753V 

versus  Ag 

reference 

Current 

mA 

T 

sec 

ET/4 

volts 

E.22T 

volts 

+Erp 

volts 

Tb/Tf 

iTl/2 

mAs^/2 

0.50 

1.075 

0.280 

_ 

0.191 

0.52 

0.50 

1.065 

0.285 

0.285 

0.191 

0.77 

0.52 

0.50 

0.985 

- 

- 

0.188 

0.51 

- 

0.65 

0.540 

0.285 

0.275 

0.200 

0.97 

0.48 

0.65 

0.490 

- 

- 

0.200 

0.67 

- 

0.80 

0.405 

0.285 

0.275 

0.188 

0.82 

0.51 

0.80 

0.400 

0.280 

0.269 

0.192 

0.70 

0.51 

0.90 

0.335 

0.286 

0.269 

0.190 

0.82 

0.52 

0.90 

0.333 

0.285 

- 

0.193 

- 

0.52 

0.90 

0.300 

- 

0.263 

0.193 

0.64 

- 

1.00 

0.580 

0.280 

0.280 

0.187 

0.76 

0.76 

1.00 

0.588 

0.280 

0.280 

0.190 

0.81 

0.77 

1.20 

0.534 

0.288 

0.266 

0.203 

0.70 

0.88 

1.20 

0.510 

0.291 

0.278 

0.203 

0.90 

0.71 

1.20 

0.294 

0.238 

0.203 

0.90 

* 

TABLE  5 


CYCLIC  VOLTAMMETRIC  DATA  ON  GOLD  ELECTRODES 
AT  7  mM  Cr (II )  AT  425°C  17-24  HOURS  AFTER 
DATA  TAKEN  IN  TABLE  3 


a.  Reduction  E;  =  -0.769V  versus  Ag  reference 


v 

V/s 


Current 

mA 


-Ep 

volts 


AEp/2 

volts 


ip/v 1/2 
mA(s/V)1/2 


0.020 

0.588 

0.905 

0.025 

4.15 

0.050 

0.988 

0.903 

0.010 

4.42 

0.100 

1.52 

0.910 

0.016 

4.80 

0.200 

2.19 

0.920 

0.030 

4.89 

b.  Oxidation  E,  = 

-0.768V 

versus  Ag 

reference 

V 

Current 

Ep 

AEp/2 

El/2 

(ib/if ) p 

ip/v1/2 

V/s 

mA 

volts 

volts 

volts 

mA(s/V)1/2 

0.020 

0.149 

0.345 

0.150 

0.265 

1.22 

1.05 

0.050 

0.230 

0.340 

0.263 

1.07 

1.03 

0.100 

0.327 

0.340 

0.143 

0.263 

1.08 

1.03 

0.200 

0.460 

0.340 

0.260 

0.260 

1.10 

1.03 

Mean 

0.341 

0.151 

0.263 

1.12 

1.03 

Standard 

Deviation 

0.003 

0.007 

0.002 

0.07 

0.01 
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f.  13.  Change  in  Cr(II)  ion  concentration  after  electrolytic  generation 
measured  by  a  Cr2+/Cr  indicator  electrode  in  LiCl-KCl  at  425°C. 


nnoarc;  cnronoamperometry  was  also  carried  cut  on  the  dilute  solu¬ 
tions  and  the  results  are  summarized  later  in  the  context  of  the  nuclea- 
tion  and  growth  studies  relating  to  chromium  deposition. 

3.2.2  Solutions  of  Cr(lll)  in  Lithium  Bromide  -  Potassium 
Bromide  -  Caesium  Bromide  Eutectic  Mixture 


This  solvent,  with  a  melting  point  in  the  region  of  236°C,  was 
selected  because  of  the  interest  in  reducing  the  operating  temperature 
for  chromium  plating.  A  wide  range  of  temperature  conditions  were 
explored  in  this  little  investigated  solvent.  The  chromium  (III) 
bromide  was  available  commercially  in  pure  form  and  was  used  initially. 
The  solution  chemistry  was  examined  at  temperatures  below  those  readily 
accessed  with  the  LiCl-KCl  eutectic  mixture.  An  addition  of  CrBr3  was 
made  to  a  sample  of  the  bromide  eutectic  mixture  contained  in  a  Pyrex 
tube.  The  sample  was  sealed  off  under  vacuum  before  raising  the  tempera¬ 
ture  to  450°C.  The  melt  was  dark  green  in  color  and  cooled  to  a  green 
solid. 


Electrochemical  studies  of  solutions  of  chromium  (III)  bromide  in 
the  ternary  eutectic  were  made.  A  differential  pulse  voltammogram  acquired 
on  a  gold  electrode  is  shown  in  Figure  15.  Three  peaks  are  visible  in  the 
potential  range  +0.52  to  -1.30V  vs.  the  Ag/Ag+  reference  electrode.  Normal 
pulse  voltammograms,  on  the  other  hand,  show  the  presence  of  only  two  limit¬ 
ing  currents,  Figure  16.  Cyclic  voltammetric  measurements  which  show  three 
reduction  peaks  support  the  differential  pulse  measurements.  Comparison  of 
the  cyclic  voltammograms,  Figure  17,  obtained  for  the  bromide  solvent  and 
the  solutions  containing  Cr(III)  ions  show  that  the  peak  at  around  -0.45V 
is  present  in  the  solvent. 


The  peak  at  around  +0.43  was  investigated  briefly.  Figure  18 
shows  voltammograms  for  this  reduction  process  as  a  function  of  scan  rate. 
Data  were  analyzed  in  terms  of  the  recent  theory  of  Fasang  et  al.  (28) 
and  extended  by  numerical  solution  of  their  differential  equation  for  the 
voltammetric  current  by  Sasahira  and  Yokokawa  (29) .  Table  7  gives  some 
typical  experimental  results  for  the  reduction  of  Cr(III)  ions.  When  the 
switching  potential  was  extended  to  -1.4V,  data  for  the  second  reduction 
process  involving  chromium  (II)  to  metal  was  accessed.  Table  8  summarizes 
some  results  for  this  consecutive  reduction  process . 


Single  and  double  pulse  potential  step  measurements  were  also  made 
on  this  system  at  a  nominal  concentration  of  31.7  mM  at  380°C.  The  current 
time  curves  were  integrated  using  Bascom-Turner  8120  software.  The  response 
to  a  typical  potential  step  experiment  is  illustrated  in  Figure  19.  Ten 
points  were  read  from  each  current  time  and  charge  time  curve  and  analyzed 
according  to  a  simple  diffusion  model  for  the  electrochemical  processes. 
Table  9  shows  the  results  for  a  step  to  the  limiting  current  region  for  the 
reduction  of  Cr(III)  to  Cr(II)  for  pulse  lengths  of  2  and  5  seconds.  Table 
10  shows  a  single  pulse  stepped  to  -1.5V,  i.e.,  in  the  limiting  current 
region  for  the  reduction  of  Cr(III)  to  Cr  metal.  Tne  results  of  these 
measurements  are  summarized  in  Table  11. 
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Fig.  18.  Cyclic  voltammograms  acquired  at  a  gold  electrode 
(0.121  cm2)  in  a  solution  of  7.9  x  10~3  molal  CrBr3  in 
LiBr-KBr-CsBr  eutectic  at  381^0.  Scan  rates:  a)  0.050  Vs"1 
b)  0.500  Vs-1;  c)  1.00  Vs"1;  d)  5.00  Vs*1;  e)  10.0  Vs~l.  R.P 
0.520V  vs.  Ag/Ag(I)  reference  electrode. 
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TABLE  8 


i 


ANALYSIS  OF  CYCLIC  VOLTAMMETRIC  DATA  FOR 
REV/SOL  BOTH  OX  AND  RED  IN  SOLUTION 


Temperature 
Area  of  Au  Electrode 
Switching  Potential 
Initial  Potential 
Rest  Potential 


=  385°C 

=  0.121  cm2 

=  -1.400V 
=  0V 

=  0.541V  vs.  reference  electrode  Ag/Ag+ 
(0.39M)  in  Bromide  melt 


Scan 

Rate 

Current 

Amps 

Peak  Pot" 

Volts 

E(l/2) 

Expn 

Ep-Ep/2 

Ep-Ei 

nF/RT 

(Cd1/2)ox 

icd1/2)red 

t,  1/2 

x  li) 

Ip/Vl/2A 

av-1/2£1/2c„-2 

(CD3/2)OX 

Eu 

Calc 

0.0200 

5.10 

X 

10-5 

-0.1000 

-0.0500 

-0.0875 

1.7626 

1.3459 

0.5154 

2.98 

X 

10"3 

1.43 

X 

10'8 

-0.0169 

0.0500 

8.00 

X 

10-5 

-0.1000 

-0.0500 

-0.0875 

1.7626 

1.3459 

0.5154 

2.96 

X 

10'3 

1.42 

X 

10'8 

-0.0169 

0.050C 

8.20 

X 

10*5 

-0.1125 

-0.0410 

-0.0880 

1.9830 

1.8914 

0.5025 

3.03 

X 

10"3 

1.49 

X 

1C*6 

-0.0362 

o.osoo 

8.00 

X 

10-5 

-0.1125 

-0.0520 

-0.1000 

1.9830 

1.8914 

0.5025 

2.96 

X 

10"3 

1.45 

X 

1C"8 

-0.0362 

0.0500 

8.20 

X 

10'5 

-0.1160 

-0.0625 

-0.0960 

2.0446 

2.0607 

0.4994 

3.03 

X 

1C"3 

1.50 

X 

K"6 

-0.041C 

0.1000 

1.20 

X 

10"4 

-0.1000 

-0.0500 

-0.0875 

1.7626 

1.3459 

0.5154 

3.14 

X 

1c-3 

1.50 

X 

10"b 

-0.0169 

0.2000 

1.75 

X 

10"4 

-0.1120 

-0.0530 

-0.0940 

1.9741 

1.8678 

0.5029 

3.23 

X 

10'3 

1.59 

X 

10"8 

-0.0354 

0.5000 

3.00 

X 

10"4 

-0.1160 

-0.0580 

-0.0910 

2.0446 

2.0607 

0.4994 

3.51 

X 

10-3 

1.73 

X 

10"8 

-0.0410 

0.5000 

2.90 

X 

10-4 

-0.1200 

-0.0580 

-0.1070 

2.1152 

2.2631 

0.4961 

3.  39 

X 

10"3 

1.69 

X 

10"8 

-0.0463 

1.0000 

4.30 

X 

10-4 

-0.1250 

-0.0660 

-0. 1000 

2.2033 

2.5294 

0.4924 

3.55 

X 

10"3 

1.78 

X 

10"8 

-0.0526 

2.0000 

6.30 

X 

10-4 

-0.1380 

-0.0740 

-0.1130 

2.4324 

3.2911 

0.4843 

3.68 

X 

10‘3 

1.88 

X 

10"8 

-0.0676 

5.0000 

1.11 

X 

10-3 

-0.1550 

-0.0875 

-0.1250 

2.7321 

4.4383 

0.4763 

4.10 

X 

10"3 

2.13 

X 

10*8 

-0.0845 

Mean 

1.68 

0.508 

3.05 

X 

10-3 

1.48 

X 

10*8 

Standard 

Deviation 

0.317 

0.00738 

1.03 

X 

10"4 

5.78 

X 

10"3° 

Reduction  Cr(II)  -»  Cr(0) 


ip 

Ep 

Ep-Ep/2 

(CD3/2)  R£ 

■Amps 

AV"  V2a3/2cnr2 

V 

V 

0.236 

1.37 

X 

10"2 

-1.1100 

1.97 

X 

10*8 

0.408 

1.51 

X 

10"2 

-1.1120 

-0.0200 

2.16 

X 

10"8 

0.408 

1.51 

X 

10"2 

-1.1140 

-0.0180 

2.16 

X 

10"8 

0.391 

1.45 

X 

10*2 

-1.1180 

-0.0200 

2.07 

X 

10"8 

0.426 

1.57 

X 

10"2 

-1.1180 

-0.0180 

2.25 

X 

10"8 

0.630 

1.65 

X 

10"2 

-1.1150 

-1.1160 

2.36 

X 

10"8 

0.995  x  102 

1.65 

X 

10"2 

-1.1300 

2.37 

X 

10"8 

1.34 

1.57 

X 

10"2 

-1.1150 

2.24 

X 

10"8 

1.20 

1.40 

X 

10"2 

-1.1630 

2.01 

X 

10"8 

1.49 

1.23 

X 

10"2 

-1.1950 

1.77 

X 

10"8 

1.86 

1.09 

X 

10"2 

-1.2750 

1.56 

X 

10"8 

2.48 

9.17 

X 

10"  3 

-1.2800 

1.31 

X 

10"9 
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Fig.  19.  Current  time  transient  acquired  at  gold  electrode  (0.12  cm2)  for 
the  electroreduction  of  Cr(III)  in  LiBr-KBr-CsBr  eutectic  mixture  at  377°C 
for  the  potential  step  a)  -600  mV  and  b)  -1.5V  from  the  rest  potential 
0.543V  vs.  Ag/Ag(I)  reference  electrode. 


TABLE  S 


ANALYSIS  OF  REPRESENTATIVE  DOUBLE  STEP  CHRONOAMPEROMETRIC 
DATA  FOR  THE  REDUCTION  OF  Cr(III)  TO  Cr (II)  IN  ALKALI 
METAL  BROMIDE  MELT  AT  382°C 


Gold  Electrode  Area  =  0.121  cm2  Cr(III)  Concentration  -  32  mM 

Switching  Time  T  =  4.87  sec  Switching  Charge  =  0.382  mC 

Rest  Potential  Gold  WE  =  0.534V  vs.  Ag  reference 
Applied  Forward  Step  =  -0.600V 


Forward  Current  Charge  Qt"1/2  Diff  Coef  it1/2  Diff  Coef  Q(t<Tf)  Q(t<Tf)  102AQ 
t  sec  Amps  104C  104C  s"7/2  107cm2s"I  10®As7/2  107cm2s"I  Q(tf)  Q(tf) 


0.5 

13.0 

1.44 

2.03 

2.36 

8.84 

1.79 

0.320 

0.376 

-5.6 

1.0 

8.40 

1.95 

1.95 

2.17 

8.40 

1.62 

0.453 

0.510 

-5.7 

1.5 

6.60 

2.31 

1.89 

2.04 

8.08 

1.50 

0.555 

0.606 

-5.1 

2.0 

5.55 

2.61 

1.85 

1.95 

7.85 

1.41 

0.641 

0.684 

-4.3 

2.5 

5.00 

2.87 

1.82 

1.89 

7.91 

1.43 

0.716 

0.752 

-3.6 

3.0 

4.50 

3.11 

1.80 

1.85 

7.79 

1.39 

0.785 

0.815 

-3.0 

3.5 

4.25 

3.32 

1.77 

1.81 

7.95 

1.45 

0.848 

0.870 

-2.2 

4.0 

3.85 

3.52 

1.76 

1.78 

7.70 

1.36 

0.906 

0.923 

-1.6 

4.5 

3.50 

3.70 

1.74 

1.74 

7.42 

1.27 

0.916 

0.969 

-0.7 

4.87 

3.05 

3.82 

1.73 

1.71 

6.73 

1.04 

1.00 

1.00 

0.0 

Mean 

1.83xl04 

1.93xl0"7 

7.87xl0"5 

1.43X10"7 

Standard 

Deviation 

9.65xl0-6 

2.07x10"® 

5.58x10"® 

2.00x10"® 

Reverse 
t ,  sec 

e 

sec l/2 

106 

sec7/2 

Reverse 

Current  Charge 
10SA  104C 

104Q(R> 

e 

Diff  Coef 
107cm2s"7 

105i (R) 

6 

Diff  Coef 
107cm2s"7 

Q(t<tf) 

Q(tf) 

10X 

Q(t<tf ) 
Q(tf) 
10X 

102Afl 

5.37 

0.60 

9.83 

8.65 

1.24 

2.07 

2.46 

8.80 

1.78 

7.30 

6.76 

5.31 

5.87 

0.78 

5.87 

4.85 

1.55 

1.98 

2.24 

8.26 

1.57 

6.45 

5.94 

5.10 

6.37 

0.91 

4.20 

3.35 

1.74 

1.91 

2.10 

7.97 

1.46 

5.89 

5.45 

4.3 

6.87 

1.00 

3.26 

2.65 

1.89 

1.89 

2.04 

8.14 

1.52 

5.47 

5.06 

4.1 

7.37 

1.07 

2.64 

2.00 

2.00 

1.86 

1.99 

7.57 

1.32 

5.14 

4.76 

3.8 

7.87 

1.13 

2.21 

1.65 

2.10 

1.85 

1.96 

7.47 

1.28 

4.86 

4.51 

3.6 

8.37 

1.18 

1.89 

1.45 

2.17 

1.83 

1.93 

7.68 

1.35 

4.63 

4.31 

3.2 

8.87 

1.23 

1.64 

1.25 

2.24 

1.82 

1.90 

7.61 

1.33 

4.43 

4.14 

2.9 

9.37 

1.27 

1.45 

1.05 

2.30 

1.81 

1.88 

7.26 

1.21 

4.26 

3.98 

2.7 

9.87 

1.30 

1.29 

0.80 

2.34 

1.80 

1.86 

6.21 

8.84 

4.10 

3.87 

2.4 

Mean 

1.80x10" 

4  2 . 04x10"' 

1  7.70x10"' 

>  1.37x10"' 

1 

Standard  Deviation  8.51x10"®  1.89x10"®  6.91x10"®  2.38x10"® 
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2.  *..3  Solutions  of  CriII)  in  Li  thi  uni  Bromide  -  Potassium 
Bromide  -  Caesium.  Bromide  Eutectic  Mixture 


The  solutions  of  Cr(III)  ions  in  the  bromide  melt  were  reduced  by 
the  addition  of  chromium  metal.  A  well  defined  peak  for  the  reduced 
product  Cr(II)  was  observed  voltammetrically  after  the  solution  was 
raised  to  450°C.  The  stepwise  cooling  of  the  solution  to  272°C  is 
shown  in  Figure  20.  No  dramatic  changes  in  the  electrochemical  response 
was  observed  above  292 °C.  At  the  lowest  temperature  of  272 °C,  the  anodic 
response  at  potentials  positive  to  that  of  the  silver  reference  was  not 
that  expected  for  the  oxidation  of  Cr(II)  to  Cr(III).  The  shapes  of  the 
voltammetric  responses  indicated  the  formation  of  an  insoluble  product 
which  might  indicate  low  solubility  of  the  Cr(IIl)  at  this  low  tempera¬ 
ture.  This  aspect  of  the  chemistry  was  not  explored  further.  The  range 
of  electroactivity  of  the  melt  containing  Cr(II)  ions  is  illustrated  for 
three  different  temperatures  in  Figure  21.  A  window  of  between  3.2  and 
3.3V  is  expected  on  the  basis  of  thermodynamic  data  (20)  for  the  indi¬ 
vidual  melts.  The  measured  values  of  around  2.5V  probably  reflect  activity 
effects  associated  with  the  use  of  a  mixed  melt  and  perhaps  some  under¬ 
potential  effects  on  the  gold  and  chromium  coated  gold  electrode. 

The  reduction  of  Cr(II)  ions  to  Cr  metal  is  demonstrated  by  the 
shape  of  the  voltammograms  at  all  the  temperatures  explored  in  this  work. 
Figure  22  illustrates  that  the  sharp  anodic  peak  arises  as  a  result  of 
the  presence  of  the  cathodic  peak.  The  charge  in  the  anodic  peak  depends 
upon  the  switching  potential  for  the  cathodic  sweep.  The  linear  relation¬ 
ship  between  the  measured  ip  for  the  reduction  peak  at  different  scan  rates 
is  reported  for  five  of  the  temperatures  examined  in  Figure  23.  Some 
curvature  above  2  v/s  may  reflect  uncompensated  IR  effects.  When  the  more 
sensitive  plot  of  ipv~i  vs.  v  is  made,  some  decrease  in  the  current  func¬ 
tion  at  low  scan  rates  is  detected.  This  could  reflect  spherical  diffu¬ 
sion  due  to  the  metal  nucleation  and  growth  in  the  early  stages  of  the 
reduction  process.  At  the  lower  temperatures,  a  prepeak  is  visible  prior 
to  the  main  reduction  peak.  Although  Figure  17  shows  the  presence  of  a 
peak  in  a  similar  potential  range  initially  in  the  melt,  the  introduction 
of  chromium  metal  reducing  agent  should  have  reduced  all  species  more 
noble  than  chromium.  A  similar  feature  is  apparent  at  450°C  in  LiCl-KCl 
melt  for  the  reduction  of  Cr2+  ions  on  the  gold  substrate.  It  is  possible, 
therefore,  that  the  prepeak  is  due  to  some  aspect  of  the  chromium  (II)  ion 
reduction  process.  At  292°C,  the  peak  is  well  defined  and  grows  with  scan 
rate  as  illustrated  in  Figure  24 .  A  corresponding  anodic  oxidation  process 
can  be  detected  after  the  sharp  stripping  peak  and  the  correspondence  of 
charge  was  confirmed  by  integration  of  the  voltammogram  as  shown  in  Figure 
25.  The  charge  measured  for  scan  rates  between  2  and  20  V/s  was  constant 
corresponding  to  600  yC  cm“2.  Such  a  value  represent  close  to  monolayer 
coverage  of  the  electrode.  The  potential  excursion  for  this  process  is 
some  0.2V  corresponding  to  times  ranging  between  10  and  100  ms.  It  can 
be  noted  that  a  predeposition  process  for  Zn^+  reduction  on  gold  is  also 
seen  in  the  ZnCl2-KCl  (see  Section  3.4).  Thus,  some  predeposition  fea¬ 
ture  is  common  to  metal  forming  processes  on  gold.  These  observations  are 
particularly  relevant  to  the  studies  of  metal  deposition  presented  in 
Section  3.3. 
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i.  20.  The  influence  of  temperature  on  the  voltammetric  reduction  peak  on  gold  for  Cr(II)  ions 
the  ternary  alkali  bromide  eutectic  acquired  at  50  mVs"l.  The  reverse  metal  oxidation  peak 
been  omitted  for  clarity. 


r,v 


0.500 


-1.50  -2.00 


0  -0.50  -1.00 

E(V)  vs.  Ag/Ag(l)(0. 14m) 

5 

/■ '  Fig.  21.  Comparison  of  Cr(II)  ion  reductions  relative 

to  the  solvent  window  at  three  different  temperatures 
in  the  ternary  bromide  eutectic.  Scans  acquired  at 
50  mVs-1.  Gold  electrode  (A  =  0.088  cm2). 


Fig.  22.  Influence  of  switching  potential  on  the 
deposition  and  stripping  of  Cr  on  gold  from  ternary 
bromide  melt  at  450°C  and  scan  rate  of  1  Vs-1. 


-ip(mA 


V*(V*s_1) 


Fig.  23.  Plots  of  the  peak  current  for  the  reduction  of  Cr(II)  ions  in 
the  ternary  alkali  metal  bromide  melt  at  five  different  temperatures  as 
a  function  of  the  square  root  of  the  scan  rate. 


3.2.4  Discussion  of  Chror.iir.  Solution  Chemistry 


Table  12  shows  a  summary  of  studies  made  in  recent  years  on  the 
electrochemistry’  of  chromium  in  fluorides,  chlorides,  bromides,  and 
aluminum  chloride  containing  melts.  The  major  focus  of  attention  has 
been  on  the  use  of  chloride  melts.  However,  it  was  shown  that  fluoride 
melts  operating  at  temperatures  in  excess  of  800°C  will  produce  coherent 
deposits  of  chromium  (4,30).  The  solution  chemistry  of  these  melts  has 
been  difficult  to  resolve  in  spite  of  efforts  by  both  Senderoff  (30)  and 
Yoko  and  Bailey  (31)  ,  and  it  is  unclear  at  this  time  whether  the  electro¬ 
active  species  present  in  the  solution  of  the  molten  fluoride  is  a 
chromium  (IV)  or  a  chromium  (II)  species.  In  contrast  to  the  fluoride 
electrolytes,  chloride  and  bromide  melts  containing  chromium  (III)  or 
(II)  ions  have  been  investigated  and  shown  to  possess  a  considerably 
simpler  solution  chemistry,  although  it  is  clear  from  the  studies  here 
that  maintaining  low  concentrations  of  chromium  (II)  ions  in  solution 
without  some  oxidative  loss  (see  below)  requires  exceptional  care  in 
cell  seals  and  gas  purification.  Nevertheless,  chromium  metal  has  been 
plated  from  both  of  these  electrolytes  (32-34) ,  and  it  is  pertinent  to 
explore  the  reasons  for  the  apparent  ease  by  which  these  melts  yield 
coherent  metal. 

The  chemistry  of  chromium  (III)  and  chromium  (II)  halides  dis¬ 
solved  in  alkali  metal  chlorides  and  bromides  is  relatively  straight¬ 
forward.  Spectroscopic  studies  suggest  that  chromium  (II)  ions  are 
present  in  alkali  metal  chloride  (and  bromide)  melts  as  octahedral 
complexes  [CrX,}]-2.  Spectroscopic  studies  of  chromium  (II)  ions  in  the 
same  melts  show  a  band  at  9800  cm~l,  but  the  nature  of  the  configuration 
responsible  for  this  spectrum  has  not  been  identified  (35) .  However,  it 
has  been  suggested  that  on  the  basis  of  other  first  row  transition  metal 
divalent  ions  that  the  chromium  (II)  halocomplex  present  in  the  melts 
is  a  distorted  tetrahedral  species  (22)  .  Chromium  (II)  ions  are  readily 
reduced  by  a  two  electron  transfer  to  metal  in  both  alkali  chloride  (32,33) 
and  bromide  (34)  solutions.  On  the  other  hand,  oxidation  of  chromium  (II) 
takes  place  in  these  melts  via  a  one  electron  process  to  the  chromium  (III) 
species  at  450°C.  This  latter  oxidation  process  would  allow  the  measure¬ 
ment  of  the  diffusion  coefficients  of  chromium  (II)  ions  in  chloride  and 
bromide  melts  without  the  complications  associated  with  electrocrystalliza¬ 
tion  phenomena  which  normally  arise  in  the  reduction  process  to  metal. 
However,  the  uncertainty  in  the  concentration  of  Cr(II)  ions  in  solution 
has  resulted  in  poor  precision  for  this  quantity.  In  addition  to  these 
difficulties  in  the  case  of  the  bromide  melt,  the  density  of  the  ternary 
mixture  has  not  been  measured  so  that  only  approximate  values  based  upon 
additivity  of  the  densities  of  the  pure  salts  must  be  used.  The  magnitude 
of  the  diffusion  coefficient  of  Cr(II)  of  0.2  x  10“5  cm2s~l  estimated  for 
the  bromide  at  273°C  suggests  that  this  melt  is  quite  suitable  for  the 
electrodeposition  of  chromium  metal. 

Consequently,  it  is  to  be  concluded  that  chromium  (II)  ions  in 
molten  alkali  chloride  or  bromide  solutions  are  relatively  easy  to  use 
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for  metal  deposition  tiecaust  u.  tries e  solutions  chemical  processes  involve 

simple  complex  ions  whose  transitions  are  rapid  and  transport  controlled 
in  contrast  to  molybdenum  (vide  ultra).  However,  fcr  plating  where  more 
stringent  conditions  are  required  of  the  deposition  process  several  com¬ 
plications  have  been  identified,  particularly  as  more  detailed  studies 
are  made  which  still  require  complete  resolution.  Three  areas  are 
significant  in  the  development  of  a  high  temperature  (H.T.)  chromium 
plating  process.  The  first  already  touched  upon,  in  regard  to  solution 
stability,  concerns  the  interaction  of  the  system  with  atmospheric 
components.  The  other  two  are  concerned  with  the  intrinsic  properties 
of  the  electrode/electrolyte  system.  These  are  then  (1)  chemistry 
coupled  to  the  electrode  process  and  (2)  adsorption  phenomena  and  their 
relationship  to  metal  nucleation. 

The  sensitivity  of  chromium  (II)  and  chromium.  (Ill)  ions  to  mois¬ 
ture  and  oxygen  is  of  some  significance  to  the  design  of  a  chromium  plating 
process.  The  results  of  this  work,  show  that  the  dilute  solutions  of  Cr(II) 
ions  are  subject  to  loss  of  soluble  chromium  species.  Indeed,  in  the 
bromide  melts  some  insoluble  material  was  visible  on  the  salt  surface. 
Laitinen  et  al .  (22)  showed  that  when  melts  containing  chromium  (III)  were 
exposed  to  moist  hydrogen  chloride,  the  formation  of  hydroxychloro  complexes 
took  place: 

[CrCl6]'3  +  H20  t  [CrCl5OH]-3  +  HCl  [7] 

The  subsequent  coupling  of  the  hydroxypentachloro  complex  ions  to  form  an 
oxygen  bridge  compound  appears  to  take  in  an  irreversible  manner  and  ulti¬ 
mately  leads  to  an  insoluble  product: 

2[CrCl5OH]-3  -*•  [Cl5CrOCrCl5]-6  +  H20  [8] 

Although  these  reactions  are  not  necessarily  a  direct  problem  with  chromium 
(II)  baths,  it  is  known  that  chromium  (II)  species  are  sensitive  to  oxygen 
so  that  it  might  be  expected  that  reaction  will  lead  to  the  formation  of 
chromium  chloride  as  well  as  01303: 

12CrCl2  +  302  -»■  2Cr203  +  8CrCl3  [9] 

Thus,  the  presence  of  small  amounts  of  chromic  chloride  in  a  bath  in  con¬ 
tact  with  moist  atmospheres  will  ensure  the  formation  of  these  oxygen 
bridge  species.  It  is  likely  that  oxide  occlusions  experienced  with 
deposited  metal  from  chromium  (II)  plating  baths  may  arise  because  of 
parallel  reduction  of  the  hydroxy  species  formed  by  the  mechanisms 
indicated  above.  Traces  of  oxygen  in  the  inert  cover  gas  could  be  a 
problem  when  long  term  usage  of  flowing  gas  is  necessary  which  would 
explain  much  of  the  difficulties  experienced  with  varying  Cr(II)  concen¬ 
trations  in  the  present  work  and  would  account  for  the  green  oxides  re¬ 
covered  from  the  salt  baths. 


Ae-ccio:.s  which  fellow  the  e le c tr ochemi ca 1  step  have  been  identi¬ 
fied  when  chromium  (III)  ions  are  reduced  to  chromium  (II)  ions.  Levy 
i3c;  and  Laitmer.  and  co-workers  (22)  reported  that  the  peak  current  for 
the  reoxidation  process  divided  by  the  peak  current  for  the  reduction 
process  was  less  than  unity  at  low  scan  rates.  Levy  et  al.  interpreted 
their  results  as  due  to  the  insolubility  of  chromium  (II)  chloride  (38). 

It  is  reported  that  chromium.  (II)  chloride  is  soluble  in  the  lithium 
chloride  -  potassium  chloride  solvent  (42)  and  no  evidence  to  the  con¬ 
trary  was  obtained  in  the  present  work.  An  alternative  explanation  is 
necessary.  It  has  been  suggested  that  the  results  can  be  explained  by 
considering  the  geometric  changes  which  are  possible  when  chromium  (II) 
ions  in  the  octahedral  coordination  are  reduced  to  chromium  (II)  ions 
which  require  some  modified  tetrahedral  coordination .  Results  from 
experiments  in  this  work  for  the  oxidation  of  chromium  (II)  ions  to 
chromium.  (Ill)  ions  on  vitreous  carbon  electrodes  show  no  evidence  for 
follow-up  chemistry  which  might  be  expected  on  the  basis  of  a  model 
requiring  a  change  in  the  coordination  geometry  (22)  .  It  is  possible 
that  the  differences  between  the  work  of  Laitmer.  and  cc— workers  and  the 
present  studies  is  to  be  found  in  the  lability  associated  with  different 
chromium  complexes  (14) . 

Reactant  adsorption  has  been  reported  to  occur  during  the  reduc¬ 
tion  of  chromium  (II)  ions  on  a  chromium  substrate  (36) .  Present  studies 
on  foreign  substrates  employing  both  cyclic  voltammetry  and  chronopoten- 
tiometrv  has  not  detected  the  influence  cf  adsorption,  although  this 
could  be  because  of  the  masking  effect  of  the  electrocrystallization 
phenomena  (lee.  cit.).  Analysis  of  potential  time  data  for  the  reduction 
of  chromium  (II)  ions  onto  a  chromium  coated  copper  electrode  showed  the 
expected  behavior  for  a  unit  activity  surface,  Figure  26.  It  can  be  con¬ 
cluded  that  under  these  conditions,  reactant  adsorption  does  not  play  a 
role  in  the  reduction  of  chromium  (II)  ions.  Nevertheless,  the  ramp 
observed  during  the  reduction  of  Cr(II)  on  gold  in  the  chloride  and  the 
bromide  melts  are  consistent  with  adsorption  of  product ,  i.e.,  Cr  ad¬ 
atoms.  Such  observations  are  of  importance  in  understanding  the  stages 
of  metal  formation  prior  to  growth  of  critical  nuclei. 

The  present  studies  have  shown  that  the  reduction  of  chromium  (II) 
to  chromium  metal  requires  a  considerable  overpotential  at  foreign  cathodes. 
Evidence  for  these  overpotentials  has  been  obtained  on  copper,  nickel, 
gold,  platinum  and  tungsten.  Figure  27a  shows  the  cyclic  voltammetric 
response  on  a  nickel  electrode  when  the  switching  potential  is  made  more 
negative.  The  crossover  of  the  current  on  the  reverse  sweep  corresponds 
to  a  process  associated  with  nucleation  (46) ,  and  similar  results  for 
copper  are  shown  in  Figure  27.  Correspondingly,  substantial  overpotentials 
are  observed  in  the  initial  portion  of  chronopotentiograms  obtained  on 
these  substrates.  These  effects  make  the  study  of  the  reduction  of 
chromium  (II)  somewhat  more  difficult  than  had  earlier  been  recognized 
and  show  that  the  solution  properties  of  Cr(II)  ions  are  more  reliably 
measured  in  their  oxidative  chemistry.  The  nature  of  the  processes 
associated  with  metal  formation  will  be  addressed  in  the  next  section. 
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Fig.  27.  Cyclic  voltammograms  illustrating  overpotential  deposition 
of  Cr  and  the  influence  of  switching  potential  on  "nucleation  cross¬ 
over  effect"  in  the  return  current  sweep  for  (a)  nickel  and  (b) 
copper  substrates  in  LiCl-KCl  containing  13  mM  Cr(II)  at  450°C. 
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o.3  E-ectronucleatior.  ana  Growtr.  cf  Chromium 

on  Different  Substrates _ 

The  initial  stages  of  the  formation  of  a  new  phase  upon  a  cathode 
substrate  are  now  recognized  to  be  important  in  the  subsequent  develop¬ 
ment  of  epitaxial  and  polycrystalline  deposits  (47-50) .  Little  is  known 
about  such  processes  in  aprotic  solutions  based  upon  molten  salt  solvents. 
The  present  studies  have  investigated  these  initial  stages  of  metallic 
phase  formation  on  four  different  substrates,  using  both  potentiostatic 
and  galvanostatic  pulse  techniques.  Measurements  on  gold  substrates  were 
made  both  in  the  LiCl-KCl  eutectic  as  well  as  the  ternary  alkali  metal 
bromide  melt  LiBr-KBr-CsBr .  In  these  experiments,  the  working  electrode 
surface  was  prepared  by  electropolishing  sheet  material,  and  for  the  case 
of  the  gold  electrode  in  the  bromide  melt,  the  electrode  was  prepared  in 
the  form  of  a  sphere  by  melting  and  cooling.  Well  developed  crystal  faces 
were  observable  in  this  case.  Control  of  the  surface  properties  of  the 
electrode  substrates  is  an  important  aspect  of  electrocrystallization 
studies,  but  xt  has  usually  been  neglected,  particularly  in  molten  salts. 
In  this  work,  some  attempt  was  made  to  control  this  factor  albeit  in  a 
rather  elementary  way. 


The  earlier  discussion  of  the  solution  chemistry  of  chromium  in 
the  chloride  and  bromide  melts  suggest  that  the  control  of  exact  solu¬ 
tion  composition  is  difficult,  and  thus  the  values  of  the  diffusion 
coefficient  of  the  chromium  (II)  ions  cannot  be  obtained  precisely. 

Under  these  circumstances,  the  values  of  CAD*  were  obtained  from  either 
anodic  potential  step  measurements  into  the  limiting  current  region  for 
the  oxidation  of  the  Cr(II)  ions,  by  stepping  negative  into  the  limiting 
current  region  for  the  reduction  process  where  metal  deposition  is  under 
control  by  linear  diffusion  or  from  other  transient  measurements.  In 
contrast  to  this  disadvantageous  circumstance  concerning  solution  composi¬ 
tion,  the  rather  low  potential  for  Cr(II)  reduction  ensures  a  wide  range 
of  inactivity  for  the  working  electrode  materials  studied,  thus  enabling 
the  rest  potential  of  the  working  electrode  to  be  selected  in  a  way  which 
ensured  complete  removal  of  the  deposited  chromium  from  the  electrode  sur¬ 
face  after  the  cathodic  pulse.  In  the  galvanostatic  experiments,  a  reverse 
current  pulse  was  used  to  assure  that  this  was  achieved  by  matching  of  the 
cathodic  and  anodic  charges  followed  by  open  circuit  conditions. 


3.3.1  Potential  Step  Measurements 


•  Platinum.  Measurements  were  made  on  platinum  at  450°C  at  three 
different  concentrations  of  Cr(II)  ions  in  the  LiCl-KCl  eutectic.  The 
chromium  chloride  was  introduced  by  anodic  dissolution.  Figure  28  shows 
a  cyclic  voltammogram  prior  to  the  potential  step  measurements.  It 
illustrates  the  relative  position  of  the  reduction  process  to  the  poten¬ 
tial  of  the  Cr/Cr2+  and  the  range  of  the  potential  steps  employed  in  the 
experiments.  Figure  29  shows  a  series  of  current  time  curves  observed  in 
response  to  the  applied  potential  steps.  A  characteristic  shaped  response 
can  be  seen  with  the  current  passing  through  a  minimum  as  well  as  a  maximum 
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Fig.  29.  Current  time  transients  from  poten 
tial  step  experiments  for  the  deposition  of 
chromium  on  a  platinum  substate  from  a  solu¬ 
tion  of  Cr(II)  ions  (24  mM)  in  LiCl-KCl 
eutectic  mixture  (450°C) . 
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Fig.  30.  Current  time  transients  from  poten¬ 
tial  step  experiments  for  the  deposition  of 
chromium  on  a  gold  substrate  from  a  solution 
of  Cr(II)  ions  (8  mM)  in  LiCl-KCl  eutectic 
mixture  (425°C) . 


before  decaying  monotonies! ly .  Tables  13-15  recora  the  measured  maximum 
currents  as  well  as  the  corresponding  time  at  i^ax  for  each  applied  poten¬ 
tial  step  from  the  rest  potential.  The  overpotential ,  r,,  is  calculated 
from  the  measured  Cr/Cr(II)  potential,  the  rest  potential  and  the  poten¬ 
tial  step.  These  values  of  n  are  included  in  the  tables  for  the  three 
concentrations  employed. 

The  measured  values  of  CAD^  obtained  from  potential  step  measure¬ 
ments  into  the  limiting  current  regions  for  oxidation  and  reduction  of  the 
Cr(II)  ions  are  reported  in  Table  16  at  the  three  corresponding  concentra¬ 
tions.  The  values  predicted  for  i^t^  ^or  nucleation  and  growth  and 
instantaneous  nucleation  and  growth  models  of  hemispherical  nuclei  (47,51) 
are  included  in  Table  16. 


•  Gold .  Because  of  the  electrochemical  stability  of  gold  and  its 
lack  of  susceptibility  to  oxide  formation,  it  was  used  extensively  in  the 
study  of  chromium  both  in  potential  step  and  other  electrochemical  measure¬ 
ments.  In  the  exploratory  studies  with  the  bromide  melt,  it  was  used 
exclusively . 

Alkali  Metal  Chloride  Solutions.  Potential  step  measurements  were 
made  with  planar  gold  electrodes  at  425  and  450°C  in  the  LiCl-KCl  eutectic 
melt.  Typical  current  time  curves  are  shown  in  Figure  30.  Measurements 
which  were  obtained  at  three  concentrations  in  different  melt  batches  are 
reported  in  Tables  17-15  together  with  the  relevant  derived  parameters. 
Table  20  reports  the  values  of  CAD^  obtained  from  anodic  chronoampero- 
metric  measurements  together  with  the  values  of  im2tm  calculated  from 
this  data. 

Alkali  Metal  Bromide  Solutions.  Potential  step  measurements  were 
made  with  a  spherical  gold  electrode  in  the  ternary  LiBr-KBr-CsBr  eutectic 
melt  at  450  and  292 °C.  At  the  higher  temperature,  the  transients  were 
poorly  defined  and  extensive  measurements  were  not  made.  At  292°C,  well 
developed  transients  were  observed  and  results  are  reported  in  Table  21 
together  with  the  derived  parameters.  Table  20  shows  values  of  CAD^ 
obtained  from  cathodic  potential  steps  into  the  limiting  current  region 
for  the  reduction  of  Cr(II)  ions  and  the  corresponding  values  calculated 
for  im2tm. 


•  Copper  and  Nickel .  A  preliminary  study  of  copper  and  nickel  as 
substrates  was  made  in  view  of  their  likely  importance  as  flash  coatings 
in  plating  more  active  metals  as  mandrels  in  electroforming  and  as  com¬ 
ponents  of  stainless  steels  and  nimonic  alloys.  From  a  fundamental  point 
of  view,  these  metals  should  alloy  with  depositing  chromium,  and  the  effect 
of  such  a  process  is  of  significance  in  understanding  electronucleation 
and  growth  under  these  circumstances.  Careful  control  of  the  rest  poten¬ 
tial  of  these  substrates  is  required  on  the  one  hand  to  prevent  dissolution 
of  the  metal,  but  on  the  other  ensure  that  deposited  chromium  is  removed 
after  the  cathodic  pulse  and  the  surface  returned  to  its  original  condition. 
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TABLE  13 

POTENTIAL  STEP  RESULTS  FOR  PLATINUM  SUBSTRATE  (0.23  cm7; 
IN  LiCl-KCl  EUTECTIC  AT  450°C 
FIRST  CONCENTRATION  CHROMIUM  II 


Concentration  Cr2+ 

Atomic  Weight  Cr 

Density  of  Cr 

Diffusion  Coefficient 

Rest  Potential  of  Pt 

Rest  Potential  of  Cr2< 

of  Cr2+ 

VCr 

*  7.84  x  10~®  molcm'3 
»  51.99  gmol'3 

*  7.1  gem'3 

*  1.14  x  10“3  cm2s'3 

*  -0.15V  vs.  Ag  reference 

■  -0.736V  vs.  Ag  reference 

10  ^ i  (max) 

t (max) 

Overpot" 

107i^mL'2 

Nuclei 

V  1 

c  Rate 

Amps 

sec 

n  (V) 

A^s 

Density 

AN, 

:> 

0.588 

0.360 

-0.074 

1.513 

2.69  x 

106 

2.1 

X 

107 

0.600 

0.196 

-0.078 

0.837 

4.92  X 

106 

7.0 

X 

107 

0.675 

0.255 

-0.078 

1.378 

3.78  x 

106 

4.1 

X 

107 

0.850 

0.176 

-0.082 

1.472 

5.46  x 

10® 

8.7 

X 

107 

0.875 

0.164 

-0.084 

1.444 

5.83  x 

10® 

9.9 

X 

107 

0.975 

0.142 

-0.086 

1.539 

6.72  x 

10® 

1.3 

X 

10® 

1.060 

0.128 

-0.088 

1.625 

7.44  x 

10® 

1.6 

X 

10® 

1.230 

0.098 

-0.092 

1.651 

9.68  X 

10® 

2.8 

X 

10® 

1.130 

0.095 

-0.094 

1.341 

9.97  x 

10® 

2.9 

X 

10® 

1.130 

0.104 

-0.094 

1.468 

9.10  X 

10® 

2.4 

X 

10® 

1.260 

0.090 

-0.094 

1.580 

1.05  x 

107 

3.3 

X 

10® 

1.330 

0.084 

-0.094 

1.643 

1.13  x 

107 

3.7 

X 

10® 

1.160 

0.105 

-0.096 

1.552 

9.00  x 

10® 

2.4 

X 

10® 

1.420 

0.078 

-0.098 

1.718 

1.21  x 

107 

4.3 

X 

10® 

1.530 

0.069 

-0.100 

1.754 

1.37  x 

107 

5.5 

X 

10® 

1.550 

0.066 

-0.100 

1.722 

1.43  x 

107 

6.0 

X 

10® 

1.660 

0.056 

-0.104 

1.659 

1 .66  x 

107 

8.4 

X 

10® 

1.700 

0.057 

-0.104 

1.771 

1.65  x 

107 

8.1 

X 

10® 

1.710 

0.058 

-0.104 

1.823 

1.62  x 

107 

7.8 

X 

10® 

1.800 

0.053 

-0.108 

1.830 

1.77  x 

107 

9.3 

X 

10® 

1.800 

0.050 

-0.108 

1.726 

1.88  x 

107 

1.0 

X 

109 

1.930 

0.045 

-0.112 

1.772 

2.08  x 

107 

1.3 

X 

109 

2.000 

0.043 

-0.114 

1.812 

2.18  x 

107 

1.4 

X 

109 

2.040 

0.042 

-0.116 

1.836 

2.23  x 

107 

1.5 

X 

109 

2.040 

0.043 

-0.116 

1.857 

2.20  x 

107 

1.4 

X 

109 

2.130 

0.038 

-0.118 

1.805 

2.46  x 

107 

1.8 

X 

109 

2.140 

0.039 

-0.120 

1.864 

2.39  x 

107 

1.7 

X 

109 

2.180 

0.037 

-0.120 

1.836 

2.52  x 

107 

1.9 

X 

109 

2.250 

0.035 

-0.124 

1.840 

2.66  x 

107 

2.1 

X 

109 

2.250 

0.036 

-0.124 

1.906 

2.57  x 

107 

2.0 

X 

109 

2.310 

0.035 

-0.124 

1.939 

2.66  x 

107 

2.1 

X 

109 

2.240 

0.037 

-0.128 

1.893 

2.55  x 

107 

1.9 

X 

109 

2.380 

0.034 

-0.128 

1.991 

2.74  x 

107 

2.2 

X 

109 

2.410 

0.032 

-0.128 

1.921 

2.91  x 

107 

2.5 

X 

109 

2.450 

0.031 

-0.132 

1.916 

3.00  x 

107 

2.7 

X 

109 

2.490 

0.030 

-0.132 

1.915 

3.10  x 

107 

2.9 

X 

109 

2.560 

0.028 

-0.134 

1.886 

3.32  x 

107 

3.3 

X 

109 

2.560 

0.028 

-0.136 

1.883 

3.32  x 

107 

3.3 

X 

109 

2.580 

0.027 

-0.136 

1.844 

3.44  x 

107 

3.6 

X 

109 

2.720 

0.026 

-0.144 

1.962 

3.57  x 

107 

3.8 

X 

109 

2.800 

0.023 

-0.144 

1.839 

4.03  x 

107 

4.9 

X 

109 

60 


TABLE  14 


POTENTIAL  STEP  RESULTS  FOR  PLATINUM  SUPSTRATF  (0.23  cm2) 
IN  LiCl-KCl  EUTECTIC  AT  450cC 
SECOND  CONCENTRATION  CHROMIUM  II 


Concentration  Cr2+ 

Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr2+ 
Rest  Potential  of  Pt 


-  2.41  x  10*5  molcm'3 

*  51.99  gmol"1 

*  7.1  gem”3 

■  1.14  x  10“5  cm2s*3 

*  -0.55V  vs.  Cr  reference 


103i  (max)  t(max) 
Amps  sec 


Overpotn  102i^trL  2  Nuclei 
D  (V)  A2s  Density 


N  x  Rate 
AN0 


ms 


0.63 

0.7000 

-0.054 

4.100 

8.30 

X 

105 

3.3 

X 

10® 

1.17 

0.5000 

-0.058 

9.597 

1.15 

X 

106 

6.4 

X 

10® 

135.40 

1.20 

0.5000 

-0.058 

10.095 

1.15 

X 

10® 

6.4 

X 

10® 

1.70 

0.2350 

-0.062 

9.114 

2.41 

X 

106 

2.9 

X 

107 

65.00 

2.40 

0.1275 

-0.066 

9.489 

4.41 

X 

10® 

9.6 

X 

107 

2.40 

0.1400 

-0.066 

10.420 

4.01 

X 

106 

8.0 

X 

107 

2.55 

0.1140 

-0.066 

9.578 

4.93 

X 

10® 

1.2 

X 

10s 

2.95 

0.0930 

-0.068 

10.282 

6.02 

X 

10® 

1.8 

X 

10® 

3.20 

0.0750 

-0.070 

9.604 

7.43 

X 

10® 

2.8 

X 

10® 

3.30 

0.0375 

-0.070 

5.10* 

1.49 

X 

ip7 

1.1 

X 

10° 

3.35 

0.0420 

-0.070 

5.895 

1.33 

X 

107 

8.8 

X 

10® 

3.20 

0.0420 

-0.070 

5.379 

1.33 

X 

107 

8.8 

X 

10® 

3.30 

0.0750 

-0.070 

10.214 

7.43 

X 

1C® 

2.8 

X 

10® 

3.30 

0.0750 

-0.070 

10.214 

7.43 

X 

10® 

2.8 

X 

10® 

3.50 

0.7125 

-0.070 

10.915 

7.82 

X 

10® 

3.1 

X 

10® 

4.40 

0.0475 

-0.074 

11.179 

1.17 

X 

107 

6.8 

X 

10® 

4.10 

0.0525 

-0.074 

10.729 

1.05 

X 

107 

5.6 

X 

10® 

4.10 

0.0525 

-0.074 

10.729 

1.05 

X 

ic" 

5.6 

X 

10® 

5.13 

0.0375 

-0.078 

11.706 

1.47 

X 

107 

1.1 

X 

109 

5.13 

0.0345 

-0.078 

10.770 

1.59 

X 

107 

1.3 

X 

109 

5.10 

0.0365 

-0.078 

11.261 

1.51 

X 

107 

1.2 

X 

109 

6.15 

0.0265 

-0.082 

11.638 

2.07 

X 

107 

2.2 

X 

109 

6.15 

0.0250 

-0.082 

10.979 

2.19 

X 

107 

2.4 

X 

109 

6.15 

0.0266 

-0.082 

11.682 

2.06 

X 

107 

2.2 

X 

109 

7.20 

0.0200 

-0.086 

11.817 

2.72 

X 

107 

3.8 

X 

109 

7.17 

0.0206 

-0.086 

12.070 

2.64 

X 

107 

3.6 

X 

109 

6.10 

8.00 

0.0179 

-0.090 

12.811 

3.04 

X 

ID7 

4.7 

X 

109 

8.02 

0.0175 

-0.090 

12.622 

3.10 

X 

107 

4.9 

X 

109 

9.06 

0.0150 

-0.094 

13.613 

3.60 

X 

107 

6.7 

X 

109 

9.00 

0.0143 

-0.094 

12.762 

3.79 

X 

107 

7.4 

X 

109 

3.82 

10.00 

0.0123 

-0.098 

13.378 

4.4 

107 

1.0 

X 

1010 

10.00 

0.0125 

-0.098 

13.651 

4.31 

X 

107 

9.6 

X 

109 

10.35 

0.0110 

-0.100 

12.796 

4.89 

X 

107 

1.2 

X 

1010 

10.50 

0.0110 

-0.100 

13.170 

4.89 

X 

107 

1.2 

X 

1010 

10.90 

0.0105 

•0.102 

13.477 

5.12 

X 

107 

1.4 

X 

1010 

10.95 

0.0109 

-0.102 

14.086 

4.94 

X 

107 

1.3 

X 

1010 

2.56 

10.95 

0.0110 

-0.102 

14.248 

4.89 

X 

107 

1.2 

X 

1010 

10.82 

0.0100 

-0.102 

12.647 

5.37 

X 

107 

1.5 

X 

1010 

11.75 

0.0090 

-0.106 

13.297 

5.96 

X 

107 

1.8 

X 

1010 

11.80 

0.0098 

-0.106 

14.528 

5.50 

X 

107 

1.6 

X 

1010 

12.63 

0.0080 

-0.110 

13.543 

6.69 

X 

107 

2.3 

X 

1010 

12.63 

0.0085 

-0.110 

14.390 

6.30 

X 

107 

2.1 

X 

1010 

12.70 

0.0088 

-0.110 

14.978 

6.12 

X 

107 

1.9 

X 

1010 

13.60 

0.0078 

-0.114 

15.103 

6.89 

X 

107 

2.5 

X 

1010 

14.40 

0.0070 

-0.118 

15.196 

7.62 

X 

107 

3.0 

X 

1010 

0.66 

17.00 

0.0065 

-0.130 

19.378 

8.17 

X 

107 

3.5 

X 

1010 

•  T* •  Induction  time 


TABLE  15 


*3 

!>V 


POTENTIAL  STEP  RESULTS  FOR  PLATINUM  SUBSTRATE  (0.23  cm2) 
IN  LiCl-KCl  EUTECTIC  AT  450°C 
THIRD  CONCENTRATION  CHROMIUM  II 


Concentration  Cr2+ 

Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr2+ 
Rest  Potential  of  Pt 
Rest  Potential  of  Cr2+/Cr 


=  3.53  x  10“8  molcm-3 
=  51.99  gmol-3 
=  7.1  gem-3 
=  1.14  x  10-5  cra2s‘l 
=  0V  vs.  Ag  reference 
=  -0.535V  vs.  Ag  reference 


103i  (max) 
Amps 


t  (max) 
sec 


Overpotn 

n  (v) 


1  n7 i3*-  I  - 2 
10  imwmij 

A2s 


Nuclei 

Density 


N  x  Rate 
AN0 


T 

ms 


1.10 

1. 

.00 

-0.045 

20.728 

4.98 

X 

105 

1.4 

X 

106 

1.23 

1. 

.24 

-C.045 

31.e76 

4. 02 

X 

1C5 

9.0 

X 

105 

260.1 

3.40 

2.0 

x  lO"1 

-0.055 

33.825 

2.38 

X 

106 

3.3 

X 

107 

40.0 

7.25 

5.0 

x  lO-2 

-0.065 

34.263 

9.31 

X 

106 

5.2 

X 

108 

7.25 

5.0 

x  10“2 

-0.065 

34.263 

9.31 

X 

106 

5.2 

X 

108 

10.4 

6.75 

5.5 

x  10"2 

-0.065 

32.670 

8.46 

X 

106 

4.3 

X 

108 

11.1 

2.5 

x  10-2 

-0.075 

37.205 

1.83 

X 

107 

2.0 

X 

109 

11.1 

2.5 

x  10-2 

-0.075 

36.870 

1.83 

X 

107 

2.0 

X 

109 

4.3 

16.1 

1.5 

x  10-2 

-0.085 

43.768 

3.05 

X 

107 

5.8 

X 

109 

15.3 

1.3 

x  10"2 

-0.085 

35.276 

3.40 

X 

107 

7.2 

X 

109 

2.5 

19.3 

9.8 

x  10~3 

-0.095 

39.817 

4.58 

X 

107 

1.3 

X 

1010 

25.7 

6.1 

x  10-3 

-0.115 

42.553 

7.20 

X 

107 

3.3 

X 

1010 

Induction  time 
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TABLE  17 


POTENTIAL  STEP  RESULTS  FOR  GOLD  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  425°C 


Concentration  Cr2+ 

Area  Au  electrode 
Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr2  + 
Rest  Potential  of  Au 
Rest  Potential  of  Cr2+/Cr 


=  8.3  x  10“®  molcm-2 
=  0.4  cm2 
=  51.99  gmol-1 
=  7.1  gem-2 
=  1.0  x  10‘5  cm2s_1 
=  0V  vs.  Cr2+/Cr  reference 
=  -0.750V  vs.  Ag  reference 


102i  (max)  t(max)  Overpotn  ^  Nuclei  N  x  Rate 

Amps  sec  n  (V)  ft2s  Density  AN0 


0.55 

3.000 

-0.100 

9.766 

3.47 

X 

105 

3.2 

X 

105 

0.56 

2.000 

-0.100 

6.749 

5.21 

X 

10® 

7.3 

X 

105 

1.15 

0.500 

-0.110 

6.968 

2.07 

X 

10® 

1.2 

X 

107 

1.11 

0.450 

-0.110 

5.842 

2.30 

X 

106 

1.4 

X 

107 

1.11 

0.500 

-0.110 

6.491 

2.07 

X 

10® 

1.2 

X 

107 

1.91 

0.24C 

-0.120 

9.089 

4.30 

X 

106 

5.0 

X 

107 

1.89 

0.250 

-0.120 

9.270 

4.13 

X 

106 

4.6 

X 

107 

1.96 

0.230 

-0.120 

9.172 

4.49 

X 

10® 

5.4 

X 

107 

1.91 

0.220 

-0.120 

8.332 

4.69 

X 

10® 

6.0 

X 

107 

2.30 

0.182 

-0.125 

9.937 

5.66 

X 

10® 

8.7 

X 

107 

2.80 

0.130 

-0.130 

10.468 

7.92 

X 

10® 

1.7 

X 

108 

2.80 

0.130 

-0.130 

10.468 

7.92 

X 

10® 

1.7 

X 

108 

2.73 

0.140 

-0.130 

10.717 

7.36 

X 

10® 

1.5 

X 

108 

2.74 

0.130 

-0.130 

10.024 

7.92 

X 

10® 

1.7 

X 

108 

3.39 

0.090 

-0.140 

10.543 

1.14 

X 

107 

3.5 

X 

108 

3.33 

0.094 

-0.140 

10.625 

1.09 

X 

107 

3.2 

X 

108 

3.30 

0.095 

-0.140 

10.545 

1.08 

X 

107 

3.2 

X 

108 

TABLE  18 


POTENTIAL  STEP  RESULTS  FOF.  GOLD  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  450°C 


Concentration  Cr2+ 

Area  Au  electrode 
Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr^+ 
Rest  Potential  of  Au 
Rest  Potential  of  Cr2+/Cr 


=  2.41  x  10-8  molcm-8 
=  0.26  cm2 
=  51.99  gmol-1 
=  7.1  gem- ^ 

=  1.14  x  10-5  cm2s-1 
=  0.55V  vs.  Ag  reference 
=  -0.75V  vs.  Ag  reference 


”7  •  9  —  n 

10^i  (max)  t(max)  Overpotn  1mtmL  Nuclei  N  x  Rate 

AntPs  sec  n  (V)  A2s  Density  AN0 


0.78 

2.5000 

-0.074 

16.642 

2.46 

X 

105 

3.1 

X 

105 

1.08 

1.3000 

-0.078 

17.986 

4.23 

X 

105 

5.1 

X 

105 

1.42 

0.6700 

-0.082 

15.687 

8.17 

X 

105 

3.4 

X 

106 

1.85 

0.3850 

-0.086 

15.018 

1.42 

X 

106 

1.0 

X 

107 

1.90 

0.3650 

-0.094 

14.568 

1.48 

X 

106 

1.1 

X 

107 

2.33 

0.2250 

-0.090 

13.650 

2.41 

X 

106 

3.0 

X 

107 

2.40 

0.2150 

-0.090 

13.887 

2.52 

X 

106 

3.3 

X 

107 

3.45 

0.1080 

-0.098 

14.038 

4.99 

X 

106 

1.3 

X 

108 

3.50 

0.1000 

-0.098 

13.378 

5.39 

X 

106 

1.5 

X 

108 

3.85 

0.0900 

-0.100 

14.487 

5.98 

X 

106 

1.9 

X 

108 

3.75 

0.0900 

-0.100 

13.744 

5.98 

X 

106 

1.9 

X 

108 

4.15 

0.0760 

-0.102 

14.140 

7.07 

X 

108 

2.6 

X 

108 

4.20 

0.0750 

-0.102 

14.292 

7.17 

X 

106 

2.7 

X 

108 

4.40 

0.0700 

-0.102 

14.640 

7.68 

X 

106 

3.1 

X 

108 

5.05 

0.0550 

-0.106 

15.010 

9.75 

X 

106 

4.9 

X 

108 

5.73 

0.0440 

-0.110 

15.332 

1.22 

X 

107 

7.7 

X 

108 

6.40 

0.0370 

-0.114 

15.968 

1.44 

X 

107 

1.1 

X 

109 

7.00 

0.0375 

-0.118 

19.237 

1.42 

X 

107 

1.1 

X 

109 

7.05 

0.0300 

-0.118 

15.610 

1.78 

X 

107 

1.7 

X 

109 

8.05 

0.0275 

-0.122 

18.553 

1.94 

X 

107 

2.0 

X 

109 

8.90 

0.0215 

-0.126 

17.644 

2.47 

X 

107 

3.2 

X 

109 

9.80 

0.0200 

-0.134 

19.740 

2.65 

X 

107 

3.7 

X 

109 

10.7 

0.0175 

-0.138 

20.523 

3.03 

X 

107 

4.8 

X 

109 

12.0 

0.0150 

-0.146 

22.004 

3.53 

X 

107 

6.6 

X 

109 

20.5 

0.0050 

-0.200 

21.081 

1.06 

X 

108 

5.9 

X 

1010 

TABLE  19 

POTENTIAL  STEP 

RESULTS  FOR  GOLD  SUBSTRATE 

IN  LiCl- 

KC1 

EUTECTIC  AT  450°C 

Concentration  Cr^+ 

- 

3.53  x  10“ 5  molcm-8 

Area  Au  electrode 

- 

0.26  cm2 

Atomic  Weight  Cr 

= 

51.99  gmol“l 

Density  of  Cr 

= 

7.1  gem-2 

Diffusion  Coefficient  of  Cr2  + 

= 

1.14  x  10“5  cm2s-^ 

Rest  Potential  of  Au 

= 

0V  vs.  Ag  reference 

Rest  Potential  of  Cr2+/Cr 

= 

-0.535V  vs.  Ag  reference 

3i  (max) 
Amps 

t (max) 

sec 

Overpotn 
n  (V) 

lO'ijftffiL-* 

A^£ 

Nuclei 

Density 

N  x  Rate 

AN0 

■f  * 

ms 

0.290 

8.0000 

-0.055 

9.794 

5.98 

X 

104 

2.1 

X 

104 

1.125 

2.2500 

-0.065 

37.125 

2. 07 

X 

105 

2.6 

X 

105 

2.740 

0.5500 

-0.075 

49.874 

8.30 

X 

105 

4.2 

X 

<0  1 
o 

2.850 

0.5400 

-0.075 

52.978 

8.45 

X 

1C5 

4.4 

X 

1C6 

50.6 

5.400 

0.1700 

-0.085 

56.748 

2.65 

X 

106 

4.3 

X 

107 

15.6 

8.850 

0.0650 

-0.095 

56.105 

6.86 

X 

106 

2.9 

X 

108 

2.7 

9.300 

0.0559 

-0.095 

53.282 

7.98 

X 

106 

4.0 

X 

108 

16.300 

0.0200 

-0.115 

55.893 

2.20 

X 

)-> 

O 

1  -J 

3.1 

X 

109 

0.73 

16.400 

0.0194 

-0.115 

54.884 

2.27 

X 

m7 

3.3 

X 

109 

mSmsSS/Ss 


MEASUREMENTS  OF  CAD1/Z  FOR  GOLD  ELECTRODES  IN  DIFFERENT  HALIDE  SOLVENTS  AND  THE  CALCULATED 
VALUES  OF  im2tm  PREDICTED  FOR  INSTANTANEOUS  AND  PROGRESSIVE  NUCLEATION 
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TABLE  21 

POTENTIAL  STEP  RESULTS  FOR  GOLD  SUBSTRATE  IN  THE 
TERNARY  ALKALI  METAL  BROMIDE  EUTECTIC  AT  292°C 


Concentration  Cr3+ 

Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr^+* 
Rest  Potential  of  Au 
Rest  Potential  of  Cr3+/Cr 


=  5.46  x  10-8  molcm  3 
=  51.99  gmol-1 
=  7.1  gem-3 
=  4.1  x  10“8  cm3s-3- 
=  0V  vs.  Ag  reference 
=  -0.63V7  vs.  Ag  reference 


103i  (max) 
Amps 


t  (max) 
sec 


Overpotn 

n  <v) 


i7  i  2«-_t  -2 


^■0 '  ^mtmL 


A^s 


Nuclei 

Density 


Two  assumptions: 

*  D  calc  from  D4500  Cl"  melt  by  assuming  0.4%/l°C. 
t  Cr/Cr^+  potn  adjusted  until  i^tjpL"^  -  constant. 
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N  x  Rate 
ANn 


0.650 

0.1800 

-0.050 

1.001 

8.52 

X 

106 

1.3 

X 

108 

1.20C 

0.2350 

-0.060 

4.043 

6.37 

X 

106 

5.1 

X 

107 

0.720 

0.1700 

-0.065 

1.017 

8.73 

X 

106 

9.7 

X 

107 

0.950 

0.110 

-0.070 

1.115 

1.34 

X 

107 

2.3 

X 

108 

0.860 

0.1200 

-0.070 

0.997 

1.23 

X 

107 

1.9 

X 

108 

1.35C 

0.0610 

-0.080 

1.200 

2.39 

X 

107 

7.4 

X 

108 

0.900 

0.1200 

-0.085 

1.034 

1.21 

X 

107 

1.9 

X 

108 

1.240 

0.0600 

-0.085 

0.981 

2.42 

X 

107 

7.7 

X 

108 

1.840 

0.0316 

-0.090 

1.125 

4.59 

X 

107 

2.8 

X 

109 

1.400 

0.0560 

-0.090 

1.154 

2.59 

X 

107 

8.8 

X 

108 

1.565 

0.0420 

-0.095 

1.072 

3.45 

X 

107 

1.6 

X 

109 

2.280 

0.0254 

-0.100 

1.365 

5.69 

X 

107 

4.2 

X 

109 

1.730 

0.0340 

-0.100 

1.052 

4.25 

X 

107 

2.4 

X 

109 

2.550 

0.0190 

-0.105 

1.269 

7.59 

X 

107 

7.6 

X 

109 

2.200 

0.0300 

-0.110 

1.484 

4.80 

X 

107 

3.0 

X 

109 

WWW 


Potential  step  experiments  were  successful  and  the  results  are  recorded 
in  Tables  22-24.  The  values  of  CAD-  were  obtained  from  various  transient 
measurements  and  are  presented  in  Table  25. 

3.3.2  Discussion  of  Potential  Step  Results 

The  transient  reponse  to  a  potential  step  into  the  limiting 
current  region  for  the  reduction  of  Cr(II)  ions  to  chromium  metal  shows 
a  monotonous  decay  of  current  with  time  as  is  illustrated  for  the  reduc¬ 
tion  on  a  copper  substrate  at  450°C  in  Figure  31.  As  the  potential  is 
increased  (overpotential  decreased) ,  the  shape  of  the  transient  changes 
and  well  defined  current  maxima  are  observed  as  is  illustrated  for  each 
substrate  material  in  Figures  29  and  30.  The  transient  contains  three 
major  regions.  At  the  shortest  times,  a  rapid  decreasing  current  is 
observed  which  contains  the  convolution  of  charging  current  and  nuclei 
formation.  In  the  region  where  the  current  is  increasing,  nuclei  grow 
and  may  continue  to  be  created.  During  this  growth  period  the  diffusion 
layers  around  the  nuclei  expand  and  overlap  ultimately  resulting  in  one 
dimensional  diffusion  (perpendicular  to  the  surface)  to  become  predominant. 
Under  these  latter  conditions,  the  decay  of  current  becomes  monotonous 
according  to  the  Cottrel  relationship  (52) . 

The  analysis  of  these  transients  is  based  upon  several  assumptions. 
It  is  postulated  that  nucleation  takes  place  at  particular  sites  on  the 
electrode  surface  and  the  number  of  these  sites  depends  upon  the  over¬ 
potential  (53).  In  addition,  the  nucleation  process  is  statistical  (48) 
in  nature  and  the  formation  of  nuclei  at  any  time,  t,  is  described  by  the 
rate  law : 


N(t)  =  N0[l  -  exp (-At) ]  110] 

where  N0  is  the  number  of  available  sites  and  A  is  the  rate  of  nucleus 
formation  at  a  particular  site.  In  formulating  a  description  of  the 
growth  of  the  nuclei,  equation  l 10]  has  been  used  in  two  limiting  forms: 

a)  where  At  is  large  in  which  case 

N(t)  =  Noll  -  l/exp(At)  ]  =  N0  Ul] 

i.e. ,  all  sites  at  a  given  overpotential  are  immediately  nucleated,  and 
this  case  is  known  as  instantaneous  nucleation; 

b)  where  At  0  in  which  case 

N (t)  =  N0 l 1 — { 1 —At } ]  =  NoAt  [12] 

and  the  number  of  sites  are  progressively  consumed  at  a  given  overpoten¬ 
tial  . 
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TABLE  22 


POTENTIAL  STEP  RESULTS  FOR  COPPER  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  425°C 


Concentration  Cr2+ 

Area  of  Cu  electrode 
Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr2+ 
Rest  Potential  of  Cu  Electrode 
Rest  Potential  of  Cr2+/Cr 


=  12.3  x  10-8  molcm-2 
=  0.5  cm2 
=  51.99  gmol~l 
=  7.1  gem-2 
=  1.03  x  10-5  cm2s-2- 
=  -0.530V  vs.  Ag  reference 
=  -0.739V  vs.  Ag  reference 


102i  (max) 

t (max) 

Overpotn 

10 7  i  2*-  r  -2 

Nuclei 

N  x 

Fate 

Amps 

sec 

n  (V) 

A2s 

Density 

AN0 

11.50 

0.1275 

-0.091 

186.271 

6.56  x  106 

1.4 

x  108 

35.50 

0.0220 

-0.121 

287.463 

3.74  x  107 

4.7 

x  109 

45.50 

0.0125 

-0.131 

265.562 

6.56  x  107 

1.5 

x  1010 

51.30 

0.0095 

-0.141 

254.683 

8.62  x  107 

2.5 

x  1010 

52.00 

0.0095 

-0.141 

261.681 

8.62  x  107 

2.5 

x  1010 

69.00 

0.0040 

-0.161 

192.258 

2.04  x  108 

1.4 

x  1011 

71.00 

0.0067 

-0.161 

340.972 

1.22  x  108 

5.1 

x  1010 

72.00 

0.0059 

-0.161 

308.776 

1.39  x  108 

6.5 

x  1010 

i 

i 
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TABLE  23 

POTENTIAL  STEP  RESULTS  FOR  COPPER  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  450°C 


Concentration  Cr^+ 

= 

21.7  x  10“®  molcm"^ 

Area  of  Cu  electrode 

= 

0 . 5  CIT;2 

Atomic  Weight  Cr 

= 

51.99  gmol-1 

Density  of  Cr 

= 

7.1  gcm“3 

Diffu  ion  Coefficient  of  Cr^+ 

= 

1.14  x  10“^  cm^s-! 

Rest  Potential  of  Cu  Electrode 

= 

-0.550V  vs.  Ag  reference 

Rest  Potential  of  Cr^+/Cr 

= 

-0.720V  vs.  Ag  reference 

lO^i  (max)  t (max)  Overpotn  ^  Nuclei  N  x  Rate 

Amps  sec  ^  (V)  ft  2S  Density  AN0 


17.50 

0.1400 

-0.070 

536.188 

4.19 

X 

106 

8.3 

X 

107 

45.50 

0.0225 

-0.100 

505.846 

2.52 

X 

107 

3.1 

X 

109 

75.50 

0.0100 

-0.130 

588.024 

5.59 

X 

107 

1.6 

X 

1010 

75.50 

0.0110 

-0.130 

646.827 

5.08 

X 

107 

1.3 

X 

1010 

75.70 

0.0110 

-0.130 

650.258 

5.08 

X 

107 

1.3 

X 

1010 

TABLE  24 

POTENTIAL  STEP  RESULTS  FOR  NICKEL  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  450°C 


Concentration  Cr2+ 

Area  of  Nickel  electrode 
Atomic  Weight  Cr 
Density  of  Cr 

Diffusion  Coefficient  of  Cr2+ 
Rest  Potential  of  Ni  Electrode 
Rest  Potential  of  Cr2+/Cr 


=  21.7  x  10-6  molcm-2 
=  0.6  cm2 
=  51.99  gmol“l 
=  7.1  gcm“3 
=  1.14  x  10“5  cm^s-! 

=  -0.210V  vs.  Ag  reference 
=  -0.723V  vs.  Ag  reference 


103i  (max)  t(max)  Overpotn 
Amps  sec  ri  (V) 


l°7i£tmL-2 


Nuclei 

Density 


N  x  Rate 
AN0 


Descriptions  of  three  dimensional  growth  mechanisms  have  been 
given  for  the  case  of  linear  diffusion  (47,48).  Electron  microscopical 
analysis  of  the  earliest  stages  of  metal  deposition  suggest  that  the 
nuclei  have  a  hemispherical  shape  ar.d,  therefore,  the  current  associated 
with  the  growth  of  the  nuclei  should  be  described  for  hemispherical 
diffusional  growth.  (If  the  nuclei  can  be  regarded  as  point  sources, 
then  their  geometric  shape  is  rather  unimportant  in  the  theoretical 
description.)  The  growth  of  N  isolated  nuclei  in  terms  of  linear 
diffusion  was  elaborated  by  Astley  et  al.  (54).  Hills  and  co-workers 
have  presented  the  results  for  the  two  cases  of  a)  and  b)  above  for 
spherical  diffusion  (55)  which  for  instantaneous  nucleation  is 

i (t)  =  zFN0r (2DC)3/2Vmi-ti  [13] 

and  progressive  nucleation  is 

i  ( t)  =  1.33'zFAN0TT(2DC)3/2Vmi.t3/2  [14] 

and  more  recently  have  taken  account  of  the  overlap  of  the  expanding  diffu¬ 
sion  fields  around  the  nuclei  (51).  For  the  case  where  the  overvoltage 
is  insufficient  for  the  surface  concentration  to  be  reduced  to  zero,  the 
correction  term  L  =  1  -  exp(zFn/RT)  must  be  applied  to  the  concentration 
ter:-  in  their  equations.  The  current  under  conditions  of  instantaneous 
nucleation  is  given  by : 

ig(t)  =  zFCLD^ { » t}-^ [ 1  -  exp (-N0ukDt) ]  [15] 

Such  a  current  exhibits  a  maximum  at 

im  =  0.6382zFDCL(kK)*  [16] 

which  occurs  at  a  time  given  by 

tm  =  1.2564  (TTNkD)-1  [17] 

where  k  =  {8tCLVm}^  [18] 

In  a  similar  manner,  the  results  for  progressive  nucleation  are  given  by 
the  equations : 

ig(t)  =  zFCLDiiiTtr*  [1  -  exp(-0.5ANok'Dt2)]  [19] 

with  a  maximum  given  by: 

im  =  0.4615zFD3/4cL(k'ANo)1/4  [20] 

which  occurs  at  a  time  given  by: 

tm  =  (4.6733(TTAN0k,D)-1}1  [21] 


with  k'  =  1.333k. 
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The  products  im-tm  for  the  two  cases  depends  only  upon  the  solution  con¬ 
ditions  and  differ  by  numerical  constants.  Thus  the  measured  im  and  tn 
enable  the  two  cases  to  be  distinguished  for  particular  metal  deposition 
conditions.  In  the  limits  that  Nt  -*■  0  and  Ah'-t  -*  0,  equations  [15] 

and  [19]  take  the  form: 

_(t)  =  {zFCLNkt*  D3/2}  t*  [22] 

and 

i (t)  -  {zFCLk 1 u*D3/2  AN0t}  t*  [23] 

When  the  rate  of  nucleus  formation  remains  unchanged,  i.e.,  in  the  steady 
state,  equation  [23]  shows  a  ti  rather  than  a  t3/2  dependence  since  AN0t 
remains  constant. 

These  equations  have  been  shown  to  apply  to  results  obtained  from 
a  number  of  aqueous  systems  involving  mercury  deposition  on  vitreous  carbon 
and  silver  on  VC  and  platinum  (51,55-57).  Lantelme  and  Chevalet  (58) 
reported  that  copper  deposition  on  vitreous  carbon  from  LiCl-KCl  at  410°C 
could  be  described  in  terms  of  instantaneous  nucleation. 

The  present  experimental  data  for  the  different  substrates  in  the 
two  melts  were  analyzed  with  the  aid  of  the  theories  summarized  above  and 
are  now  presented.  Figure  32  shows  the  plot  of  the  observed  current  as  a 
function  of  t$  over  the  whole  transient  at  different  overpotentials  for 
the  platinum  substrate  at  two  different  Cr(II)  concentrations.  Clearly 
defined  linear  regions  are  observed  whose  slope  varies  with  overpotential 
as  predicted  by  equation  [22]  .  The  lines  extrapolated  to  zero  current  cut 
the  time  axis  in  the  positive  quadrant.  Such  times  have  been  related  to 
the  duration  of  the  nucleation  process  and  the  double  layer  charging  (58) 
(vide  infra) .  The  results  for  gold  substrates  presented  in  Figure  33  for 
the  same  solutions  show  some  differences.  At  the  lower  concentration  and 
the  shorter  times,  the  linear  region  extrapolates  to  cut  the  time  axis  in 
the  negative  quadrant.  At  the  higher  concentration,  the  extrapolated  line 
cuts  the  positive  time  axis  similar  to  the  results  for  the  platinum  sub¬ 
strate.  The  behavior  of  gold  in  the  bromide  melt  is  similar  to  that  for 
this  substrate  in  the  chloride  solutions  at  the  lower  concentration.  In 
the  case  of  nickel  at  the  single  concentration  studied,  the  i-t^  plots 
intersect  the  time  axis  in  the  negative  quadrant.  At  the  same  Cr(II) 
concentration  and  temperature  as  in  the  nickel  experiment,  the  copper 
substrate  results  in  i-t$  where  the  intersections  are  at  positive  values 
of  time.  Figure  34.  However,  at  a  lower  concentration  and  temperature, 
their  behavior  is  similar  to  nickel  and  gold.  Figure  35. 

The  initial  portions  of  the  rising  part  of  the  transients  ob¬ 
tained  for  platinum  were  examined  for  their  time  dependence.  A  typical 
set  of  data  is  presented  in  Table  26  in  the  form  of  a  log  i  vs.  log  t 
analysis.  The  slope  which  corresponds  to  M..6  indicates  a  t3/2  dependence. 


Fig.  32.  Current  time1  plots  of  potential  step  transients  showing 
linear  region  for  and  induction  times  for  platinum  substrate  in 
LiCl-KCl  eutectic  at  450°C.  (a)  Concentration  34  mM  Cr(II) ; 
(b)-(c)  Concentration  24  mM  Cr(II). 


34.  Current  time5  plots  of  potential  step  transients  showing  linear  region  and  indue- 
times  for  copper  substrate  in  LiCl-KCl  eutectic  at  450°C.  Concentration  =  21.7  mM  Cr( 


TABLE  26 


TIME  DEPENDENCE  OF  EARLY  PART  OF  GROWTH 
TRANSIENT  FOR  Cr  DEPOSITION  ON  PLATINUM 
SUBSTRATE  IN  LiCl-KCl  AT  450°C 


Concentration  Cr^  + 
Area  of  Pt  Electrode 
Applied  Pulse 
Rest  Potential  of  Pt 
500  data  points  taken 
First  Point  125 
Last  Point  175 


=  24  x  10"6  molcm-3 
=  0.23  cm^ 

=  -0.650V 

=  -0.150V  vs.  Ag  ref. 


Points 

Log  (t) 

Log  ( i ) 

103A  i 

1 

-2.2041 

-2.3372 

-0.320 

4 

-2.1938 

-2.3233 

-2.470 

7 

-2.1838 

-2.3054 

-0.279 

10 

-2.1739 

-2.2924 

2.676 

13 

-2.1643 

-2.2798 

-5.107 

16 

-2.1549 

-2.2636 

-3.566 

19 

-2.1457 

-2.2480 

-2.298 

22 

-2.1367 

-2.2291 

2.420 

25 

-2.1278 

-2.2111 

6.645 

28 

-2.1992 

-2.2041 

0.126 

31 

-2.1107 

-2.1871 

3.900 

34 

-2.1024 

-2.1739 

4.056 

37 

-2.0942 

-2.1612 

4.069 

40 

-2.0862 

-2.1516 

0.884 

43 

-2.0783 

-2.1427 

-2.270 

46 

-2.0706 

-2.1308 

-2.450 

49 

-2.0630 

-2.1220 

-5.602 

Intercept 

Standard  Deviation  Intercept 
Slope 

Standard  Deviation  Slope 
Correlation  Coefficient 


1.1062 

0.0219 

1.5621 

0.0103 

0.998648 


Tms  was  confirmed  by  plots  of  1  vs.  at  various  overpotentials. 

That  a  good  fit  to  this  time  dependence  is  obtained  can  be  judged  from 
the  correlation  coefficients  ir.  Table  27.  The  values  of  Also  and  Nsat 
derived  from  the  slopes  are  also  included.  When  the  diffusion  zones 
extend  outward  from  the  nuclei,  these  areas  are  excluded  for  nucleation 
(51,59),  and  the  number  of  sites  nucleated  is  reduced  and  ultimately 
becomes  constant.  At  this  point,  the  nucleation  process  is  arrested. 
The  nuclear  number  density  under  these  conditions  will  be  different 
from  the  maximum  available  sites.  The  saturated  number  density  can  be 
related  to  the  AW0  by  the  expression  (56) : 


N (sat)  =  { AN0/2k 'D] i 


These  values,  reported  in  Table  27,  are  lower  than  those  obtained  from 
tm  as  expected. 


In  the  case  of  gold  electrodes,  no  evidence  for  progressive 
nucleation  in  the  initial  stages  of  the  growth  process  could  be  detected 
from  an  examination  of  the  early  part  of  the  current  time  curve.  Log  i- 
log  t  plots  gave  slopes  of  one  half  indicative  of  instantaneous  nuclea¬ 
tion.  Analysis  of  the  im,  tm  data  in  Tables  17  to  19  and  comparison 
with  the  values  of  i2mtm  calculated  from  the  experimental  CADi  for  each 
electrode.  Table  20,  also  indicated  that  the  nucleation  process  at  longer 
times  was  instantaneous  for  gold,  and  in  the  case  of  platinum  had  become 
arrested.  The  data  for  copper  and  nickel  at  450°C  may  be  consistent  with 
instantaneous  nucleation,  but  at  the  lower  temperature  and  concentration. 
Table  20,  the  magnitudes  of  i2mtm  suggest  that  nucleation  is  progressive. 
The  number  of  nuclei  formed  have  been  calculated  on  the  basis  of  t^n 
(because  it  is  less  likely  to  be  distorted  by  the  convolution  of  charg¬ 
ing  and  nucleation  currents  at  the  shortest  times) ,  and  in  all  cases  it 
is  clear  that  the  number  of  nuclei  formed  is  strongly  dependent  upon  the 
overpotential.  AN0  also  shows  a  strong  overpotential  dependence,  see 
Figure  36.  The  magnitudes  of  the  number  densities  are  reasonable 
and  are  consistent  with  values  reported  in  the  literature  for  aqueous 
ambient  temperature  systems  and  with  recent  results  for  copper  deposi¬ 
tion  on  vitreous  carbon  in  this  chloride  melt  at  450°C. 


The  discussion  has  so  far  been  concerned  with  the  mechanism  of 
growth  of  the  nuclei  albeit  necessarily  taking  account  of  the  nrimary 
nucleation  process.  Classical  nucleation  theory  applied  to  the  electro¬ 
chemical  situation  enables  some  correlation  between  the  quantities  ANo» 

N  and  the  overpotential  to  be  written.  From  the  theory  of  Volmer  (60) 
for  three  dimensional  nucleation,  the  quantity  AN0  can  be  related  to 
overpotential  by  an  equation  of  the  form: 


In  J  =  [logJ0  -  Bn~2)  =  lnAN0 


8ttV2  $o2 
nr 


3  (zF)  kT 
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TABLE  27 


POTENTIAL  STEP  RESULTS 

ANALYSIS  AS  i  VS.  t3/2  OF  INITIAL  PORTION  OF  GROWTH  TRANSIENT  ON 
PLATINUM  SUBSTRATE  IN  LiCl-KCl  EUTECTIC  AT  450°C 


Concentration  of  Cr2+  = 
Area  of  Pt  Electrode  = 
Rest  Potential  of  Pt  Electrode  = 
Rest  Potential  of  Cr2+/Cr  = 
Diffusion  coefficient  for  Cr2+  = 


24  x  10-6  molcm-3 
0.23  cm2 

+0.55V  vs.  Cr2+/Cr 
-0.55V  vs.  Ag  reference 
1.14  x  10”5  cm2s"l 
(1  -  expn  2F/RT) 


J  —  -  - - -  -  ■  ■ 

>  Overpotn 

n-2 

L-3/2 

Measured 

Corr  Coef 

10-8 

VD 

1 

o 

•H 

§  -n  (v) 

XT2 

Slope 

AN0 

N (sat) 

$ 


ft 

1  0.070 

204.082 

1.183 

0.3350 

0.9857 

0.4337 

4.4401 

*  0.074 

182.615 

1.158 

0.6397 

0.9957 

0.8107 

6.1032 

I-  0.078 

164.366 

1.137 

1.3909 

0.9982 

1.7305 

8.9582 

\  0.082 

148.721 

1.119 

2.5107 

0.9977 

3.0741 

11.9875 

J  0.086 

135.208 

1.103 

4.2437 

0.9971 

5.1241 

15.5306 

J  0.090 

123.457 

1.090 

5.8000 

0.9975 

6.9186 

18.1013 

1  0.094 

113.173 

1.078 

7.8682 

0.9979 

9.2865 

21.0272 

E  0.098 

104.123 

1.068 

10.7119 

0.9964 

12.5261 

24.4776 

1  0.098 

104.123 

1.068 

7.6944 

0.9906 

8.9975 

20.7455 

0.102 

96.117 

1.C60 

9.8390 

0.9817 

11.4124 

23.4116 

0.106 

89.000 

1.052 

14.8860 

0.9989 

17.1444 

28.7458 

0.110 

82.645 

1.046 

16.2300 

0.9983 

18.5764 

29.9688 

0.114 

76.947 

1.040 

19.0095 

0.9972 

21.6396 

32.3895 

0.118 

71.818 

1.035 

17.6432 

0.9983 

19.9887 

31.1666 

Current  time1  plots  of  potential  step  transients  showing  linear  region  and  induc- 
i  for  copper  substrate  in  LiCl-KCl  eutectic  at  425°C.  Concentration  12.5  mM  Cr(ll) 


and  J  and  J0  are  related  to  the  nucleation  rate,  S  is  the  substrate 
surface  area,  k  is  Boltzmann's  constant,  Vm  is  the  molar  volume  of  Cr, 
c  is  a  function  of  the  interfacial  energy  between  depositing  metal  and 
substrate  and  j  is  a  value  between  0  and  1  which  allows  for  the  inter¬ 
action  of  the  substrate  and  the  depositing  metal  (61).  The  form  of  B 
is  developed  from  thermodynamic  arguments  using  the  Gibbs  Thompson 
description  of  surface  tension  of  small  drops.  The  number  of  atoms  in 
the  nuclei  can  be  obtained  in  the  form: 


s  16TTVm2C3 

3(zFn)2(zen) 


[27] 


where  e  is  the  electronic  charge.  Lantelme  and  Chevalet  (58)  expressed 
the  relationship  for  the  nuclear  density  N  when  nucleation  is  instantan¬ 
eous  : 


InN  =  i[ln(J0S2/2aD)  -  Bn-2]  [28] 

where  a  is  a  dimensionless  constant.  Noting  equation  [25]  ,  equation  [28] 
can  be  obtained  from  equation  [24].  In  this  case,  the  constant  a  of 
Lantelme  is  simply  the  constant  k’  given  above. 

Plots  of  the  logarithm  of  the  measured  N  values  as  a  function  of 
i/n2  are  linear.  Figure  37,  as  is  the  plot  for  AN0,  Figure  38;  Table  28 
reports  the  derived  value  from  the  slopes  and  intercepts.  The  derived 
interracial  surface  energies  together  with  the  number  of  atoms  in  the 
nucleus  are  also  included.  The  results  on  platinum  substrate  are  com¬ 
pared  in  Figure  38  with  recent  results  obtained  by  Vargas  (62)  for 
platinum  in  the  same  melt  at  0.396M.  The  derived  quantities  from  the 
two  sets  of  results  shown  in  Table  29  are  in  excellent  agreement. 

The  magnitude  of  the  interfacial  energy  product  is  of  the  same 
order  as  the  surface  energies  of  liquid  metals  at  ambient  temperature 
(24)  and  is  dependent  upon  the  substrate  material  and  temperature .  The 
number  of  atoms  in  the  nucleus  is  not  large  but  suggest  that  at  the 
lower  values  of  the  overpotentials  employed  the  classical  theory  may 
be  applicable.  The  quantity  Jo/a  obtained  from  the  intercepts  is 
reported,  the  magnitude  of  which  is  consistent  with  theoretical  values 
and  those  reported  in  the  literature  in  aqueous  solutions  (63) . 

An  alternative  view  of  the  steady  state  nucleation  process  for 
high  overpotentials  has  been  derived  with  the  aid  of  the  atomistic 
approach  of  Walton  (64)  who  considered  the  critical  nucleus  to  comprise 
of  a  small  number  of  atoms.  Kaischev  and  co-workers  (65)  have  elaborated 
this  theory  and  express  the  resultant  relationship  between  the  steady 
state  rate  of  nucleation  and  the  overpotential  as : 


J  =  Kiexp[-4>(n)/kT]exp[  (n  +  1  -  a)  {ze/kT}n] 


[29] 


L9»  37.  Plots  of  the  arrested  nucleus  density  as  a  function  of  measured  overpotential  accord 
»g  to  the  classical  nucleation  theory.  (a)  Substrate  platinum  8.75  mM;  (b)  24  mM;  (c)  34  mM 
:(II)  ions  in  LiCl-KCl  eutectic  mixture  at  450°C. 


L1C1-RC1:  41:59  aol  t. 

LiBr-KBr-CsBr:  56:19:25  *ol  « 


TABLE  29 


s 

R 

COMPARISON  OF  RESULTS 
OF  CHROMIUM  ON  A 

OF  CLASSICAL  NUCLEATION  THEORY 
PLATINUM  SUBSTRATE  IN  LiCl-KCl 
PLOT  OF  In  AN0  vs.  n“2 

FOR  DEPOSITION 
AT  450°C. 

Source 

This  Work 

Vargas  [62] 

1 

CrII  Cone  mM 

24 

386 

S 

Slope 

-0.0299 

-0.0514 

$ 

Intercept 

23.85 

23.32 

£ 

0  mN  m~* 

466 

539 

Corr  Coeff 

0.9983 

0.9981 

r>‘ 

v.'< 

SEE 

0.076 

0.104 

& 

No.  Pts. 

8 

5 

I 

R 

S 


where  is  a  constant  independent  of  overvoltage,  n  is  the  number  of 
atoms  in  the  critical  nucleus,  a  is  the  symmetry  factor  and  <-(n)  measures 
the  difference  in  energy  of  n  atoms  in  the  bulk  and  in  a  cluster  of  atoms 
on  the  substrate.  Thus  lnAN0  is  a  linear  function  of  overpotential  since: 

Ln  AN0  =  lnKp  -  <}>(n)/kT  +  (n  +  1  -  a){ze/kT}  rj  [30] 

and 

Ln  Ns  =  0.5[lnK1-ln2k'D  -  <J>(n)/kT]  +  (n  +  1  -  a){2ze/kT}  n  [31] 

Plot  of  log  ANq  for  the  case  of  platinum  substrate  in  Table  27  are  shown 
in  Figure  39,  and  for  the  values  of  Ns  for  platinum  and  gold  at  24  mM  are 
shown  in  Figure  40.  The  plots  show  two  linear  regions  as  was  found  for 
aqueous  systems  [56,57,65)  and  the  number  of  atoms  constituting  the 
critical  nucleus  is  small.  In  the  case  of  the  platinum  and  gold  data, 
for  example,  the  number  was  7.5  and  7.4,  respectively.  That  there  are 
significant  differences  between  gold  and  platinum  is  apparent  from  the 
data  presented  here.  Thus,  the  application  of  the  atomistic  model  in 
these  cases  may  not  be  appropriate.  Similar  difficulties  in  the  choice 
and  applications  of  these  models  has  been  reported  in  the  literature 
and  by  the  authors  (66)  themselves  suggesting  that  more  elaborate  calcu¬ 
lations  are  required  to  accommodate  the  new  experimental  data  becoming 
available . 

The  cyclic  voltammogram  (Figure  41)  show  that  an  overpotential  of 
not  less  than  45  mV  is  required  to  initiate  chromium  metal  deposition  or. 
the  platinum  substrate.  This  was  confirmed  in  the  potential  step  exper¬ 
iments.  Overpotentials  in  the  range  0.045-0. 150V  were  required  for  the 
transients  measured;  lower  overpotentials  gave  only  monotonic  decay 
curves  mainly  associated  with  charging.  The  need  for  a  critical  over- 
potential  is  consistent  with  the  presence  of  an  induction  time  in  the 
growth  transients  observed  with,  for  example,  platinum.  The  values  of 
the  intercept  on  the  time  axis  at  different  overpotentials  are  some 
measure  of  the  critical  induction  time ,  since  logarithmic  plots  of 
their  values  as  a  function  of  overpotential  show  similar  form  to  induc¬ 
tion  times  measured  by  the  double  pulse  technique  (67) .  It  is  clear  in 
Figure  42  that  a  critical  overpotential  is  necessary.  The  relationship 
between  the  induction  time  and  overpotential  has  not  been  resolved  for 
metal  deposition  to  account  for  the  experimental  data  in  spite  of  some 
exacting  theory  attempting  to  do  so.  In  view  of  this  and  the  fact  that 
induction  times  were  not  measured  directly,  the  results  here  must  await 
further  study,  suffice  to  say  that  the  presence  of  a  critical  overvoltage 
in  chromium  deposition  from  the  melts  is  consistent  with  recent  findings 
in  other  systems  (55,58).  In  contrast,  the  results  for  gold,  copper  and 
nickel  under  particular  circumstances  show  negative  intercepts  which 
suggest  that  the  nucleation  process  is  modified  in  some  way  perhaps  by 
surface  alloying  which  must  be  deconvoluted  in  order  to  obtain  authentic 
induction  times.  More  detailed  study  of  the  role  of  substrate  composition 
in  the  nucle at ion/phase  forming  steps  is  clearly  required. 


Fig.  40.  Plot  of  the  steady  state  nucleation  rate  vs.  the  overpoten 
tial  for  the  deposition  of  chromium  metal  on  gold  and  platinum  sub¬ 
strates  according  to  the  atomistic  theory. 
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E( V)  vs.  Ag  REFERENCE  ELECTRODE 

Fig.  41.  Cyclic  voltammograins  acquired  at  100  mVs-1  illustrating  the 
differences  in  overpotential  required  at  (a)  gold  and  (b)  platinum 
to  initiate  the  reduction  of  Cr2+  ions  to  chromium  metal  on  these 
different  substrates  in  LiCl-KCl  (Cr(II)  “V34  mM)  at  450°C. 
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Fig.  42.  Plots  of  "induction  time"  X'  as  a  function  of  overpotential  for  depos 
ition  of  chromium  on  (a)  gold  and  (b)  platinum  at  450°C  in  LiCl-KCl-Cr (II) ; 
deposition  of  copper  (58)  on  vitreous  carbon  and  graphite  at  410°C  in  LiCl-KCl- 
Cu(I) . 


3.3.3  Current  Step  Measurements 


The  same  electrode  substrates,  namely  platinum,  gold,  copper  and 
nickel  have  been  used  in  current  step  experiments  to  study  the  reduction 
of  Cr(II)  ions  in  the  chloride  and  bromide  eutectics  elaborated  earlier. 
In  the  case  of  the  bromide  melt,  measurements  as  a  function  of  tempera¬ 
ture  were  obtained  in  the  range  292  to  450°C  on  the  gold  substrate. 

The  surface  condition  was  controlled  by  using  a  reverse  pulse  of  dura¬ 
tion  equal  to  the  forward  pulse .  Under  these  conditions ,  the  rest  poten 
tial  of  the  electrodes  were  generally  some  several  hundred  millivolts 
anodic  of  the  Cr/Cr2+  potential.  Current  pulse  lengths  and  amplitudes 
were  varied  to  establish  Sand's  law  behavior  at  higher  charge  densities, 
as  well  as  examining  the  potential  response  at  lower  charge  densities. 

A  typical  current  reversal  chronopotentiogram  is  given  in  Figure  43. 

A  representative  set  of  data,  Table  30,  for  the  reduction  of  Cr(II) 
on  a  substrate  illustrates  that  the  process  at  long  times  is  consistent 
with  the  Sand  equation.  The  potential  at  a  quarter  of  the  transition 
time  is  clearly  not  expressed  by  the  simple  relationship: 

Et/4  =  E°  +  RT/zF  Ln  C0/2  [32] 

derived  by  Delahay,  assuming  unit  activity  of  deposited  metal  on  the 
surface  (27).  However,  if  chromium  is  not  stripped  from  the  surface 
then  the  measured  ET/4  is  closely  expressed  by  [32] ,  see  Figure  26. 

For  measurements  made  at  shorter  times  and  smaller  charge  densities, 
the  representative  data  for  the  gold  substrate  in  the  ternary  bromide 
and  tne  binary  chloride  melts  at  450eC  are  given  in  Table  31  and  illus¬ 
trative  potential  time  curves  are  shown  in  Figures  44  and  45. 

3.3.4  Discussion  of  Galvanostatic  Results 


In  general,  the  potential  time  transients  showed  a  distinctive 
maximum  in  the  potential  after  initial  charging  of  the  electrode.  The 
difference  between  this  maximum  potential  and  the  equilibrium  potential 
of  the  corresponding  Cr/Cr(II)  electrode  varies  with  the  applied  current 
density,  the  substrate  composition,  the  temperature,  and  the  melt  composi¬ 
tion.  The  influence  of  current  density  on  a  particular  substrate  at  450°C 
in  LiCl-KCl  containing  35  mM  Cr(II)  ions  is  illustrated  in  Figure  45. 

Such  maxima  have  been  observed  for  other  metal  deposition  reactions  in 
aqueous  solutions  and  have  been  ascribed  to  nucleation  of  new  phase 
materials  (68) .  Rudoi  and  co-workers  (69)  presented  a  simple  analysis 
of  the  effect  in  terms  of  classical  nucleation  theory.  Since  at  the 
potential  maximum,  the  rate  of  change  of  potential  is  zero,  the  over¬ 
potential  at  this  point  with  respect  to  the  M/M0*  equilibrium  potential 
must  represent  the  nucleation  overpotential  and  the  constant  applied 
current  is  the  nucleation  current.  On  this  basis  and  the  Volmer  equa¬ 
tion  [25],  the  nucleation  current  is: 

in  =  {32iro3Vm2/3(zF)2n3}Joexp-B’/n2  [33] 
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Fig.  43.  Current  reversal  chronopotentiogram  for  the 
reduction  of  Cr(II)  ions  at  a  platinum  electrode  in 
LiCl-KCl  containing  24  x  10-3M  Cr(II)  at  450°C.  Applied 
current  density  =8.7  mAcm-2. 


TABLE  30 


TYPICAL  CHRONOPOTENTIOMETRIC  DATA  FOR  CHROMIUM  (II) 
REDUCTION  ON  COPPER  AT  425°C 


Concentration  Cr(II)  =  22  mM 
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Fig.  44.  Double  pulse  galvanostatic  transients  for  a  gold 
substrate  in  LiCl-KCl  containing  24  x  10“^M  Cr(II)  at  450°C, 
Applied  current  densities:  (a)  7.69  mAcm-2;  (b)  11.54  mAcm 
(c)  16.35  mAcm-2.  Rest  potential:  (a)  398  mV;  (b)  640  mVj 
(c)  608  mV  vs.  Cr2+/Cr. 
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Fig.  45.  Double  pulse  galvanostatic  transients  recorded 
for  the  reduction  of  Cr(II)  at  a  copper  electrode  in  LiCl-KCl 
containing  47  x  10~3m  Cr(II)  at  450°C.  Applied  current 
densities:  (a)  2  mA  cm"2 ;  (b)  4  mAcnr2;  (c)  8  mAcm~2.  Rest 
potential:  (a)  564  mV;  (b)  560  mV;  (c)  560  mV  vs.  Ag/Ag+ 
(0.162m) . 
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where  E ' 


! 

E* ,  then 


lninv  =  lnJG  +  ln2B'-kT  -  B*“n2  [34] 

The  data  obtained  from  the  current  pulse  measurements  were  analyzed 
according  to  this  relationship.  Figure  46  compares  the  log  plots  for 
four  different  substrates  in  LiCl-KCl  at  450°C,  and  Figure  47  compares 
results  for  three  different  temperatures  for  the  gold  substrate  in  the 
ternary  alkali  metal  bromide  melt.  Since  B*  is  known  from  the  slope, 
and  the  explicit  form  of  B  is  given  by  equation  [26]  ,  the  values  for 
the  nucleation  rate  JQ  and  the  surface  energy  term  can  be  calculated. 

This  data  is  summarized  in  Table  32.  Tables  33  and  34  compare  the 
effects  of  temperature  and  substrate,  respectively,  upon  the  values  of 
Jo  and  go.  The  surface  energy  term  for  the  Cr-Au-bromide  melt  system 
increases  as  the  temperature  decreases  in  much  the  same  way  as  the 
surface  tension  of  liquid  metals  does,  see  Table  33.  When  the  solvent 
is  changed  from  chloride  to  bromide  at  450°C  and  the  substrate  is  gold, 
the  surface  energy  term  increases .  This  cannot  simply  be  due  to  the 
change  of  solution  surface  tension,  since  according  to  Young's  equation, 

°SL  =  °SD  +  °DLCOS0  1351 

where  0  is  the  wetting  angle,  two  interfacial  tension  terms  are  affected. 

On  the  other  hand,  the  changes  in  the  measured  surface  energy  term  as  a 
function  of  substrate  composition  probably  reflects  the  changes  in  Osd- 
Similar  differences  are  found  in  this  quantity  calculated  from  the  poten¬ 
tial  step  results  in  that  Ogold  is  greater  than  apiatinum  or  °nickle  is 
less  than  ocopper.  The  magnitudes  of  the  surface  energies  are  higher 
in  the  case  of  the  results  from  potentiostatic  measurements.  Comparison 
of  the  steady  state  nucleation  rate  constants  determined  by  the  two 
different  techniques  give  values  in  fair  agreement  and  typical  of  values 
reported  for  metal  deposition  processes  (58,63).  Energies  of  nucleation 
(given  in  volts)  are  somewhat  lower  when  determined  by  the  galvanostatic 
method  than  those  obtained  by  potentiostatic  method. 

The  results  here  show  that  properties  such  as  interfacial  energies 
which  describe  the  interaction  between  deposit  of  substrate  can  be  measured 
as  well  as  the  nucleation  rates.  In  this  particular  set  of  experiments, 
copper  and  nickel  are  the  most  likely  substrates  to  alloy  with  depositing 
chromium  and  the  cyclic  voltammograms  for  nickel  electrodes  do  show  evi¬ 
dence  of  this  at  450°C ,  Figure  27.  At  425°C,  cyclic  voltammograms  for 
the  reduction  of  chromium  on  copper  also  suggest  some  metal-metal  inter¬ 
action  based  upon  the  shape  of  the  metal  stripping  peaks.  In  addition, 
the  reduction  on  gold  involves  a  predeposition  process  which  is  not  ob¬ 
served  in  the  voltammograms  for  a  platinum  electrode  in  the  same  solu¬ 
tion.  This  latter  observation  is  supported  by  corresponding  ramps  in 
the  galvanostatic  transient  responses.  The  unlikely  presence  of  impurity 
is  ruled  out  by  the  difference  in  behavior  on  the  two  substrates.  Thus 
refinement  of  the  potentiostatic  and  galvanostatic  pulse  measurements 
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TABLE  32 


GALVANOSTATIC  RESULTS  FOR  CHROMIUM  DEPOSITION  ON  DIFFERENT  SUBSTRATES 
AS  A  FUNCTION  OF  MELT  COMPOSITION  AND  TEMPERATURE 


'^'^S.Substrate 

LiCl- 

-KC1 

LiBr-KBr-CsBr 

Nickel 

Copper 

Platinum 

Gold 

Gold 

►3 

O 

<•> 

Cone  Cr (II) ,  mM 

-50 

b’  V 

0.416 

- 

- 

- 

- 

295 

10‘x6Jo  s-1cnf2 

273 

0  mNiti-1 

383 

Cone  Cr (II) ,  mM 

-50 

B’  V 

0.282 

370 

10"16Jo  s"W2 

- 

- 

- 

- 

350 

0  mNnT* 

308 

Cone  Cr (II) ,  mM 

~13 

-13 

B1  V 

0.222 

0.252 

10~16Jo  s~^cm~2 

- 

251 

- 

430 

- 

425 

0  mNm-* 

270 

294 

Cone  Cr(II),  mM 

22 

22 

24 

24 

-50 

B'  V 

0.144 

0.178 

0.133 

0.180 

0.198 

450 

10_16Jo  s'W2 

103 

247 

15 

41 

273 

0  mNm-1 

205 

236 

194 

237 

253 

Cone  Cr (II) ,  mM 

34 

34 

B*  V 

0.122 

0.181 

10_16Jo  s_1cm~2 

42 

97 

- 

450 

o  mNm-1 

184 

238 
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TABLE  33 


INFLUENCE  OF  TEMPERATURE  ON  THE  NUCLEATION  PROCESS 
FOR  CHROMIUM  DEPOSITION  ON  GOLD  IN  THE 
TERNARY  BROMIDE  MELT 


Temp . ,  °C 

455 

370 

295 

Nucleation  rate 
cnf2s“l 

273  x  1016 

350  x  1016 

442  x  1016 

Interfacial  surface 
Energy,  mNm-1 

253 

308 

383 

Energy  of  Nucleation 
volts 

0.198 

0.282 

0.416 

Surface  Tension 

Liquid  Tin,  mNm-^ 

528 

534 

540 

105 


TABLE  34 


wcu-g  provide  an  entree  rr.tc  t..-_  • - oi  these  interactions 

between  the  substrate  metals  and  the  depositing  metal,  particularly 
since  the  chromium  system  provides  a  relatively  simple  solution 
chemistry  and  enables  a  wide  range  of  substrates  with  different 
possible  interactions  with  depositing  metal  to  be  examined.  The 
ability  to  control  these  interactions  by  change  of  temperature  is 
also  possible  by  suitable  solvent  selection. 

3.4  Solution  Chemistry  of  Molybdenum  in  Alkali 

Metal  Chloride  Containing  Melts _ 

3.4.1  Electrochemistry  of  Molybdenum  in  Zinc 
Chloride  -  Potassium  Chloride  Mixtures 

Introduction.  The  development  of  low  melting  electrolytes  based 
upon  mixtures  of  zinc  chloride  with  alkali  metal  chlorides  for  molybdenum 
plating  requires  a  knowledge  of  at  least  the  following  basic  properties: 

•  The  magnitude  of  the  electrochemical  window  of  the 
solvent  in  terms  of  melt  composition,  temperature 
and  electrode  substrate  composition. 

•  The  stability  of  the  molybdenum  precursor. 

•  The  concomitant  solubilization  of  molybdenum  metal  at 
the  anode  to  maintain  optimal  bath  composition. 

The  experimental  results  now  reported  sought  to  provide  knowledge  about 
these  three  aspects  for  the  two  zinc  chloride  -  potassium  chloride  mix¬ 
tures. 

Solvent  Behavior  at  Different  Microelectrode  Substrates.  Rubel 
and  Gross  (70)  concluded  from  their  results  that  Mo (III)  ions  formed  in 
the  melt  by  anodic  dissolution  are  reduced  to  molybdenum  metal  at  a 
platinum  cathode,  "according  to  the  universal  mechanism  proposed  by 
Senderoff  for  LiCl-KCl."  Susie  (71)  demonstrated  that  in  pure  zinc 
chloride  the  electrochemical  window  on  a  platinum  electrode  was  about 
IV,  whereas  on  vitreous  carbon  the  range  was  1.5V.  Flengas  and  co¬ 
workers  showed  that  the  reduction  to  metal  of  a  number  of  metal  cations 
could  be  achieved  in  mixtures  of  zinc  chloride-caesium  chloride  (72) . 

Figure  48  illustrates  the  overall  voltammograms  acquired  at  three 
different  substrates  (Pt,  Au,  vitreous  carbon)  in  the  2ZnCl2~KCl  mixture. 
At  the  platinum  electrode,  the  voltanmogram  exhibits  an  anodic  passiva¬ 
tion  peak  at  0.9V  vs.  the  Ag  reference  electrode  and  its  corresponding 
cathodic  peak.  The  charge  under  the  cathodic  peak  is  less  than  that 
measured  for  the  anodic  peak  suggesting  that  the  passive  layer  has  a 
finite  solubility  in  the  electrolyte,  Table  35.  The  cathodic  limit 
involves  a  current  which,  on  the  reverse  scan,  shows  a  typical  cathodic 


E(V)  vs.  REFERENCE  ELECTRODE 


Fig.  48.  Cyclic  voltammetric  background  of  a  molten  2:1 
ZnCl2-KCl  mixture  of  320"C  at  scan  rate  0.1  V/s  on  (a) 
platinum;  (b)  gold;  and  (c)  glassy  carbon  electrodes. 


current  crossover  (characteristic  cf  a  nucleation  process }  )  fell cv.'e c 

by  a  corresponding  stripping  peak.  At  more  anodic  potentials,  there  is 
observed  an  additional  peak  with  a  smaller  current  density.  This  peak 
is  not  observed  when  the  cathodic  sweep  is  reversed  prior  to  the  deposi¬ 
tion  process,  see  Figure  49.  This  suggests  that  the  anodic  process  in¬ 
volves  a  reoxidation  of  a  surface  alloy.  Susie  (71)  reported  a  similar 
peak  in  the  pure  zinc  chloride  melt  and  several  peaks  corresponding  to 
alloy  reoxidations  were  observed  (73)  in  a  study  of  zinc  chloride  in 
LiCl-KCl  at  450°C.  The  background  for  the  1:1  mixture  exhibited 
identical  features  to  those  described  for  the  2:1  mixture,  see  Figure 
50. 

At  a  gold  electrode ,  the  voltammogram  shows  characteristic  fea¬ 
tures  .  The  anodic  limit  corresponds  to  the  oxidation  of  gold.  The 
cathodic  limit  is  preceded  by  a  diffusion  controlled  peak  and  its 
corresponding  anodic  stripping  peak.  On  the  anodic  shoulder  of  the 
stripping  peak,  the  current  decays  in  an  almost  linear  fashion  over 
the  whole  potential  range  prior  to  the  oxidation  of  the  gold,  Figure  51. 
The  cathodic  peak  depends  both  upon  the  melt  composition  and  temperature. 
When  the  ratio  ZnCl2/KCl  and  the  temperature  increases ,  the  height  of 
the  peak  increases,  see  Table  36.  This  diffusion  controlled  peak  is 
preceded  by  a  prepeak  which  is  symmetrical  about  the  current  axis  and 
possesses  properties  characteristic  of  an  adsorption  process.  Some 
typical  data  are  presented  in  Table  37  and  illustrated  in  Figure  52. 

Within  the  same  potential  ranges  explored  for  the  Pt  and  Au 
electrodes,  vitreous  carbon  and  graphite  show  no  electrochemical 
activity.  The  range  expected  on  the  basis  of  the  thermodynamic  data 
(20)  for  zinc  chloride  is  between  1.68  and  1.71V,  close  to  that  ob¬ 
served  at  320 °C  and  consistent  with  overvoltage  effects  known  to  occur 
on  these  substrates  (58) . 

The  oxidation  process  of  the  molybdenum  electrode  in  molten 
ZnCl2-KCl  mixtures  is  illustrated  in  the  cyclic  voltammograms  shown  in 
Figure  53.  Two  distinct  anodic  peaks  are  visible.  Some  data  for  the 
first  anodic  peak  during  the  oxidation  of  molybdenum  are  shown  in  Table 
38.  The  oxidation  of  metal  under  voltammetric  conditions  often  shows 
a  simple  increasing  current.  When  the  solubility  of  the  product  is 
small,  a  passivation  peak  is  observed  (see  Figure  49),  and  the  post 
peak  current  is  some  measure  of  the  solubility.  The  complex  behavior 
observed  here  may  find  an  explanation  in  the  control  of  the  anodic 
reaction  by  diffusion  of  species  (ligands)  present  in  the  solution. 

The  first  anodic  peak  shifts  anodic  with  increasing  scan  rate.  An 
explanation  for  this  behavior  and  that  observed  for  the  reduction  peak 
on  gold  may  be  expressed  in  terms  of  a  common  solution  species  present 
in  the  solvent.  Entities  such  as  ZnCl4-^,  ZnCl 3",  ZnCl+  have  been 
advocated  by  several  workers  (74,75).  Knowing  that  the  overall  oxida¬ 
tion  of  molybdenum  involves  three  electrons  per  atom  of  metal  (70) , 
stoichiometric  arguments  which  make  use  of  the  measured  current  function 


Fig.  49.  Cyclic  voltammograms  acquired  at  scan 
rate  0.1  V/s  on  a  platinum  electrode  in  molten 
ZnCl2“KCl  (2:1)  mixture  at  320 °C.  Switching 
potential  prior  to  zinc  deposition. 


E ( V )  vs.  REFERENCE  ELECTRODE 


Fig.  50.  Cyclic  voltammetric  backgrounds  acquired  at  scan  rate  0.1 
V/s  on  a  platinum  electrode  in  molten  ZnCl2~KCl  mixtures:  a)  1:1 
mixture;  b)  2:1  mixture  at  320°C. 


TABLE  36 

TYPICAL  CYCLIC  VOLTAMMETRIC  DATA  FOR  THE  REDUCTION  AND  RECXIC7 .7 IC-N 


PROCESSES 

IN  MOLTEN  ZnCl2-KCl  AT  GOLD  ELECTRODE 

AT  SCAN 

RATE  0. 

1  V/S 

Melt 

Composition 

Temp. 

EPC 

V 

i  C 

AEp/ 2  2 

. 2RT/2F 

0. 77RT/2F 

ZnCl 2_XC1 

°C 

V 

V 

mAcir"2 

mV 

mV 

mV 

1  :  1 

290 

-0.53 

-0.30 

39.6 

55 

53 

19 

1  :  1 

320 

-0.49 

-0.31 

72.3 

65 

56 

20 

2  :  ) 

320 

-0.47 

-0.  24 

120.0 

75 

56 

20 

TABLE 

37 

TYPICAL 

CYCLIC 

VOLTAMMETRIC  DATA 

FOR  THE  PRE- 

CATHODE 

PROCESS 

AT 

GOLD 

ELECTRODE  IN  MOLTEN  ZnCl2 

-RC1  (2:1)  MIXTURE  AT  320°C 

Scan  Rate 

Epc 

F  a 

EP 

‘P0 

ipC/V 

0° 

C® 

0“ 

Vs"1 

V 

V 

mAcm-2 

mAV~As  cm' 

£ 

0.1 

0.02 

0.02 

0.09 

0.90 

216 

220 

0.98 

1.0 

0.01 

0.03 

0.88 

0.88 

182 

190 

0.96 

10 

0.00 

0.04 

8.  BO 

0.88 

183 

180 

1.01 

TABLE  38 

CYCLIC  VOLTAMMETRIC  DATA  FOR  THE  ANODIC  OXIDATION  OF  THE  MOLYBDENUM 
ELECTRODE  IN  MOLTEN  ZnCl2-KCl  (2:1)  AT  320°C 


:an  Rate  v 
Vs'1 

Epal 
_v _ 

V2 

V 

Epc 

_v _ 

‘-■‘2 
mAcm  * 

iV_1/2A" 

»AV-1/2scm2 

AEp/2 

mV 

0.01 

0.46 

plateau 

- 

5.47 

54.7 

50 

0.10 

0.52 

0.74 

0.15 

17.84 

56.4 

80 

1.00 

0.70 

0.97 

0.13 

66.67 

66.7 

170 

10.00 

0.92 

1.18 

0.07 

203.33 

54.3 
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Fig.  52.  Cyclic  voltammetric  backgrounds  acquired  at  a  scan 
rate  of  1  V/s  on  a  gold  electrode  in  ZnCl2~KCl  (2:1)  mixture 
at  tmperature  320°Cj  a)  Initial  scan  direction  cathodic 
from  the  starting  potential  0.3V  vs.  reference  electrode; 
b)  initial  scan  direction  anodic  from  the  starting  potential 
-0.1V  vs.  reference  electrode. 


t,' 


115 


molten  ZnCl2~KCl  (2:1)  mixture  at  320°C  to  different  anodic  potential:  a)  0.95V;  b)  1.2V; 
and  c)  1.3V. 
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for  the  cathodic  reduction  process  on  gold  and  the  current  function  for 
the  anodic  process  of  interest  suggest  that  the  overall  reaction  for  the 
oxidation  of  molybdenum  in  ZnCl2“KCi  mixtures  is : 

2  Mo  +  4(ZnClx)  =  [Mo2(ZnClx)4]  1  1  +  6e  [36] 

Although  the  chemistry  of  molybdenum  (III)  species  is  extensive,  a  com¬ 
pound  of  similar  stoichiometry  (to  product  described  above)  with  triple 
M-M  bond  is  described  in  literature  with  the  ligand  (HPO4)-2  whose  struc¬ 
ture  is  tetrahedral  (15).  In  ZnCl2-hCl  mixture,  the  (ZnCl4)2~  is 
tetrahedral,  which  implies  that  the  product  is  [Mo(ZnCl4)4] 2“. 

The  second  oxidation  peak  is  strongly  affected  by  the  magnitude 
of  the  scan  rate.  For  values  higher  than  5  Vs-1,  no  second  peak  is 
observed.  As  the  scan  rate  is  decreased,  the  second  pea};  is  detected. 

At  the  lowest  scan  rates  (MO  mVs-1) ,  the  second  peak  is  spread  out 
over  0.5V,  see  Figure  54.  Such  behavior  might  be  expected  for  an  EiCE2 
mechanism  in  which  Ej  <  E2 .  Following  the  switch  of  scan  direction, 
the  major  cathodic  peak  is  around  0.1V.  When  the  scan  direction  is 
reversed  in  the  potential  range  after  second  anodic  process,  the  net 
current  is  anodic  during  the  reduction  of  the  product  of  the  second 
anodic  process.  This  arises  because  the  first  oxidation  reaction  is 
still  proceeding  at  a  sufficient  rate  that  it  exceeds  the  reduction 
current  for  the  product  of  the  second  reaction.  The  cathodic  peak  at 
0.1V  cannot  be  attributed  to  the  six  electron  reduction  of  the  product 
generated  in  the  first  reaction  [36] .  The  reverse  of  reaction  [36] 
would  require  the  peak  to  be  exceedingly  sharp,  i.e.  ,  the  half  peak 
width  would  be  of  the  order  of  MO  mV.  It  must  be  concluded  that  the 
reduction  of  the  product  formed  during  the  first  process  proceeds  via 
different  routes.  The  identification  of  this  electrochemical  reduc¬ 
tion  reaction,  the  electrochemical  reaction  for  the  second  oxidation 
process,  as  well  as  the  chemical  reaction  following  the  first  oxidation 
process  was  derived  from  the  electrochemical  study  of  solutions  of  the 
molybdenum  (III)  species  added  as  K3M0CI6  in  ZnCl2-KCl  melts. 

Electrochemistry  of  K3M0CI&  in  Zinc  Chloride  -  Potassium 
Chloride  Mixtures.  When  the  initial  scan  direction  is  cathodic  from 
the  open  circuit  potential,  voltammograms  for  this  solution  exhibit 
two  cathodic  peaks.  The  current  function  for  each  peak  increases  with 
increase  in  the  concentration  of  K3M0CI6  (see  Figure  55) .  The  ratio 
of  the  height  of  the  first  peak  to  the  height  of  the  second  peak  depends 
upon  melt  composition  (see  Figure  56)  as  well  as  the  temperature  (see 
Figure  57).  The  first  peak  is  predominant  in  2:1  (ZnCl2~KCl)  mixture. 

For  the  1:1  mixture,  the  height  of  the  first  peak  is  significantly  lower 
than  that  of  the  second  peak.  Increasing  the  temperature  not  only 
results  in  a  change  in  the  relative  height  of  the  peaks  but  the  resolution 
of  the  two  peaks  decreases.  This  behavior  is  not  consistent  with  a  simple 
consecutive  reaction  scheme.  This  implies  that  two  different  species 
exist  in  the  melt  in  the  same  oxidation  state.  The  half  peak  width  for 
the  first  cathodic  peak  in  the  2:1  mixture  is  slightly  smaller  than  that 
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E(V)  vs.  REFERENCE  ELECTRODE 


Fig.  54.  Multicyclic  voltammograms  acquired  at 
molybdenum  electrode  in  molten  ZnCl2~KCl  (2:1) 
at  320®C  of  scan  rates  of  a)  1  V/s;  b)  0.1  V/s; 
and  c)  0.01  V/s. 


E(V)  vs.  REFERENCE  ELECTRODE 


Fig.  55.  Cyclic  voltammograms  acquired  at  gold  electrode 
at  scan  rate  0.1  V/s  in  a  1:1  ZnCl2-KCl  melt  at  tempera¬ 
ture  320°C  containing  K3M0CI6  at  concentrations  of  a) 
0.028  mol/kg;  b)  0.129  mol/kg. 


E( V)  vs.  REFERENCE  ELECTRODE 


Fig.  56.  Cyclic  voltammograms  acquired  at  0.1  V/s  on 
a  gold  electrode  for  solutions  of  K3M0CI6  in  molten 
ZnCl2~KCl  mixtures  a)  1:1  and  b)  2:1  at  a  temperature 
of  320°C. 


E ( V )  vs.  REFERENCE  ELECTRODE 


Fig.  57.  Cyclic  voltammograms  of  0.129  molal  KgMoClg,  in  1:1  ZnC^-KCl 
melt  acquired  on  gold  electrode  at  scan  rate  0.1  V/s  at  temperature 
a)  320°C  and  b)  400°C. 


predicted  for  a  two  electron  process  involving  a  soluble  product.  The 
increase  in  the  peak  current  function  with  increasing  scan  rate  is 
accompanied  by  the  cathodic  shift  of  the  peak  potential.  Table  39. 

These  facts  derived  from  the  voltammograms  are  characteristic  for  a 
two  electron  transfer  process  followed  by  reversible  homogeneous  reac¬ 
tion  (52)  . 

Before  discussion  of  the  property  of  the  second  cathodic  peak, 
it  is  more  convenient  to  present  the  voltammetric  responses  obtained 
in  the  same  solution  when  the  initial  scan  direction  is  anodic  from 
the  open  circuit  potential.  The  voltammograms  exhibit  a  single  well 
defined  anodic  peak  (B)  with  the  corresponding  cathodic  peak  which  is 
still  anodic  from  the  open  circuit  potential  (see  Figure  58).  The 
properties  of  these  cyclic  voltammograms  are  characteristic  for  a 
diffusion  controlled  one  electron  transfer  process  forming  a  soluble 
product  (see  Table  40) .  When  the  initial  scan  direction  is  cathodic 
from  the  open  circuit  potential  and  the  potential  scan  direction  is 
reversed  at  a  potential  in  the  region  of  the  first  cathodic  peak  (C) , 
the  anodic  peak  (B)  on  the  subsequent  anodic  scan  is  unchanged.  When 
the  switching  potential  is  cathodic  of  the  second  peak  (D) ,  then  on 
the  subsequent  anodic  scan,  a  new  peak  appears  anodic  of  the  open 
crrcuit  potential  and  preceding  the  peak  B.  Concomitant  with  this, 
the  current  for  peak  B  is  lowered  in  comparison  to  the  current  when  the 
initial  scan  direction  is  anodic  or  cathodic  but  with  the  switching 
potential  anodic  to  the  second  cathodic  peak  D.  This  is  strong  evidence 
that  the  species  which  are  oxidized  in  the  potential  range  of  peak  B 
(when  the  initial  scan  direction  is  anodic)  are  also  reduced  in  the 
potential  range  for  the  second  cathodic  peak  D.  In  addition,  the 
common  species  are  not  completely  regenerated  after  potential  switch¬ 
ing  in  the  region  of  the  second  cathodic  peak,  since  there  is  a  new 
peak  preceding  peak  B  and  a  lowering  of  the  peak  current  for  B.  This 
can  be  explained  by  postulating  that  the  product  of  the  second  reduc¬ 
tion  process  undergoes  chemical  reaction  to  form  a  moiety  which  is 
oxidized  prior  to  peak  B.  Table  41  shows  that  the  half  peak  width 
(bp/2~Ep)  and  the  current  function  for  the  second  cathodic  peak  are 
not  inconsistent  with  a  one  electron  transfer  process  followed  by 
irreversible  chemical  reaction. 

A  reaction  scheme  which  takes  into  account  this  electrochemistry 
is  as  follows.  When  K3M0CI5  is  added  to  the  zinc  chloride  containing 
melts  on  the  basis  of  the  electrochemistry  described  above,  it  is 
proposed  that  an  acid  base  reaction  initially  converts  the  Mo(III) 
monomer  into  the  chloride  bridged  dimer  by  the  reaction: 

2K3MoCle  +  2ZnCl2  -*■  K3Mo2C19  +  3(ZnCl2)Cl"  +  3K+  [37] 

The  Mo  (III)  dimer  may  undergo  additional  reactions  with  the  ZnCl,}"2 
species  present  in  the  melt  compositions  used  to  form  a  triple  metal- 
metal  bonded  complex;  for  example. 
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INITIAL  SCAN  DIRECTION 


Anodic  Cathodic 


Fig.  58.  Cyclic  voltammograms  obtained  at  different 
initial  scan  directions  and  rates  at  a  gold  elec¬ 
trode  in  a  solution  of  0.129  molal  K3M0CI6  in  1:1 
ZnCl2-KCl  melt  at  400°C. 


TABLE  40 
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CYCLIC  VOLTAMMETRIC  DATA  FOR  THE  OXIDATION  AND  CORRESPONDING 
REDUCTION  PROCESS  OF  THE  SOLUTION  OF  K3M03CI6  IN 
MOLTEN  ZnCl2“KCl  (1:1)  AT  400°C  AT  GOLD  ELECTRODE 


Scan  Rate 

V 

(V/s) 

Anodic 

Peak  Potential 
Epa  (V) 

Anodic 

Peak  Potential 
Epc  (V) 

Anodic  Peak 
Current  Function 
(mAV-1/2s1/2cni~2) 

Anodic 

Peak  Width 

(mV) 

0.050 

0.756 

0.596 

43.0 

136 

0.100 

0.756 

0.596 

43.1 

136 

0.150 

0.746 

0.596 

42.3 

131 

0.200 

0.751 

0.600 

42.2 

131 

0.30C 

0.751 

0.596 

42.4 

135 

0.500 

0.751 

0.586 

42.2 
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0.750 

0.766 

0.600 

42.6 
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TABLE  41 

REPRESENTATIVE  NUMERICAL  DATA  FOR  THE  SECOND  REDUCTION  PROCESS 
OF  THE  VOLTAMMOGRAMS  ACQUIRED  IN  A  SOLUTION  OF  K3M0CI6 
IN  MOLTEN  ZnCl2-KCl  (1:1)  at  400°C  IN  GOLD  ELECTRODE 


a 

Scan  Rate 

Peak  Potential 

Peak  Current 

Peak  Width 

•ufl 

E  c 
tp 

ipv-1/2A_1 

Ep/2-Ep 

(V/s) 

(V) 

(mAV-  ^cm-2 ) 

(mV) 

M02Cig  3  +  4ZnCl4  “  4  (Z11C14)  4  j  “  +  9C1  [3c] 

_T 

where  Zr,Cl4  “  arises  in  the  solvent  (74,75)  via  reaction  such  as: 

(ZnCl2)mCl_  +  Cl-  t  ZnCl4~2  +  (ZnCl2)m-l  [39] 

On  the  basis  of  such  solution  chemistry,  the  oxidation  reaction  (peak  B) 
is : 

Mo2Clg“3  t  Mo2C19-2  +  e  [40] 

Such  mixed  oxidation  state  complexes  have  been  identified  in  ambient 
temperature  systems  (15) . 

In  the  case  of  the  reduction  reactions,  the  second  peak  D,  which 
involves  the  same  electroactive  species  is  of  the  form: 


M02CI9-3  +  e  Z  Z 

[41] 

2Z  M02CI9-3  +  V 

[42] 

The  first  process  (peak  C)  then  involves  the  reduction  of  the  triple 
metal  oonded  dimer,  see  equation  [38]  ,  to  form  a  quadruple  metal  bonded 
complex : 

[Mo2 (ZnCl4 ) 4 ] -2  +2e  t  [Mo2 (ZnCl4)4]“4  [43] 

The  coupled  equilibrium  most  likely  involves  a  ligand  exchange  reaction: 

[Mo2 ( ZnCl4 )  4  ] -4  +  8C1”  *  [Mo2C18]“4  +  4ZnCl4_2  [44] 

Returning  to  the  question  of  the  anodic  dissolution  of  molybdenum 
the  identity  of  the  following  chemical  reaction  and  the  second  scan  rate 
dependent  oxidation  reaction  now  become  clearly  identified  as  being  due 
to  the  reverse  of  reaction  [38],  i.e.: 

[Mo2 (ZnCl4)4]_2  +  9C1”  t  [Mo2Clg] +  4ZnCl4_2  [45] 

and  the  chloro  bridged  dimer  is  oxidized  according  to  reaction  [40] . 

Discussion  in  Relationship  to  Plating  Molybdenum.  The  purpose  of 
this  study  was  to  establish  whether  the  low  melting  zinc  chloride  con¬ 
taining  mixtures  could  be  utilized  for  the  electroplating  of  molybdenum 
metal.  The  complex  results  discussed  above  indicate  that  the  formation 
of  metal-metal  bonded  compounds  mitigate  against  simple  metal  forming 
reduction  reactions  within  the  electrochemical  window  of  these  solvents. 


3.4.2  Electrochemistry  of  Molybdenum  in  Lithium  Chloride  - 
Potassium  Chloride  Eutectic  Mixture _ 

Senderoff  and  Brenner  (76)  demonstrated  that  molybdenum  can  be 
plated  from  lithium  chloride-potassium  chloride  mixtures  containing 
potassium  hexachloromolybdate  at  temperatures  in  the  range  600-800 °C. 
Subsequently,  Senderoff  and  Mel lor s  (77)  reported  that  molybdenum 
could  also  be  plated  from  the  molten  alkali  fluoride  electrolytes  con¬ 
taining  molybdenum  (III) /(IV)  prepared  by  reduction  of  M0F5  with  Mo 
metal.  They  proposed  that  in  the  chloride  (78)  melt  two  molybdenum 
(III)  species  were  present,  in  a  equilibrium  coupled  to  a  disproportion¬ 
ation  reaction  involving  Mo(III)  and  Mo(V).  To  achieve  the  conditions 
whereby  good  quality  plating  products  can  be  produced  at  economic  rates, 
at  temperatures  where  the  cathode  substrate  is  stable,  the  details  of 
the  solution  chemistry  in  low  melting  solvents  (other  than  fluorides) 
as  well  as  the  electrodic  processes  must  be  quantified.  The  results 
from  the  present  study  serve  to  emphasize  the  problems  associated  with 
the  deconvolution  of  the  solution  chemistry  from  the  nucleation  and 
growth  processes  involved  in  the  metal  forming  reactions. 

The  investigation  of  the  solution  chemistry  by  electrochemical 
techniques  is  complicated  by  the  fact  that  in  chronopotentiometric 
measurements,  see  Figure  59,  the  initial  part  of  the  transients  con¬ 
tains  information  related  to  the  electrocrystallization  of  the  molyb¬ 
denum  upon  a  foreign  substrate  in  addition  to  the  concentration  over¬ 
potential.  Likewise,  the  chronoamperometric  measurement,  even  when  the 
potential  is  stepped  into  the  limiting  current  region,  requires  the 
separation  of  the  electrocrystallization  component  from  that  due  to 
concentration  overvoltages  arising  from  mass  transfer  and/or  reaction 
overvoltages  at  short  times.  In  the  case  of  cyclic  voltammetry,  it 
must  be  expected  that  similar  complications  will  also  exist  in  any 
quantitative  analysis  of  the  experimental  data.  Furthermore,  the 
chemistry  of  the  molybdenum  (III)  species  in  this  melt  undoubtably 
involves  an  equilibrium  between  monomer  and  dimer  species,  and  this 
complication  has  not  been  fully  expressed  in  theoretical  analyses  of 
these  dynamic  electrochemical  techniques.  Nevertheless,  it  might  be 
useful  to  make  some  first  approximation  type  calculations  based  upon 
the  voltamnvetric  results. 

Typical  cyclic  voltammograms  obtained  at  different  temperatures 
are  illustrated  in  Figure  60.  The  effects  of  nucleation  are  seen  clearly 
in  the  voltammogram  at  550°C  where  the  "current  crossover"  effect  is 
detected.  The  current  function,  calculated  as  the  measured  peak  current 
divided  by  the  square  root  of  the  scan  rate,  is  seen  to  decrease  as  the 
scan  rate  is  increased,  Table  42.  At  the  same  time,  the  peak  width 
increases.  At  the  lower  temperature,  the  peak  becomes  wave  shaped. 

These  features  might  be  expected  for  an  electrochemical  process  modified 
by  a  preceding  chemical  reaction.  The  expected  anodic  shift  with  in¬ 
creasing  scan  rate  must  be  seriously  modified  by  the  electrocrystallization 
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Fig.  59.  Current  reversal  chronopotentiogram  acquired  at  gold  elec¬ 
trode  in  LiCl-KCl  containing  0.0197  molal  K3M0CI6  at  450°C,  current 
pulses  ±  70  mA  cm~2. 


E(V)  vs.  Ag/Ag+  (0.163m)  REFERENCE  ELECTRODE 

Fig.  60.  Cyclic  voltammograms  acquired  on  gold  electrodes  in  LiCl-RCl 
containing  K3M0CI5  at  (1)  550®C,  area  =  0.6  cm2  and  v  =  0.05  Vs-1, 
c  =  5.06  x  10”3  mol  kg-1  and  (2)  450°C,  area  0.43  cm2,  (a)  v  =  10  Vs"1 
(b)  v  =  0.1  Vs-1,  c  =  19.7  x  10"3  mol  kg"1. 
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REPRESENTATIVE  NUMERICAL  VOLTAMMETRIC  DATA  ACQUIRED  AT  A  GOLD 
ELECTRODE  IN  MOLTEN  LiCl-KCl  MIXTURE  CONTAINING  K3M0CI6 
a)  5.06  x  10“3  mol/Kg  at  550°C  b)  19.7  x  10“3  mol/Kg  at  450°C 


Scan  Rate  Epc  Epal  Epa2  ipv-1/2  AEpc 

V  (V/s)  (V)  (V)  (V)  (mAV~I/2s1/2cir~2)  (mV) 


a) 

0.020 

-0.165 

0.110 

- 

21.935 

25 

0.050 

-0.185 

0.120 

0.235 

19.938 

40 

C.075 

-C.200 

0.120 

0.245 

18.705 

40 

0.100 

-0.204 

0.120 

0.250 

17.261 

45 

0.150 

-0.215 

0.115 

0.240 

15.833 

47 

0.200 

-C.225 

0.120 

0.250 

15.130 

55 

0.50C 

-0.250 

0.140 

0.26C 

13.900 

70 

1.00C 

-0.280 

0.160 

0.300 

13.200 

85 

2.000 

-0.340 

0.165 

0.300 

13.200 

145 

b) 

0.010 

-0.198 

0.177 

0.310 

52.273 

35 

0.100 

-0.268 

0.180 

0.360 

39.530 

80 

1.000 

Plateau 

- 

0.390 

31.818 

m 
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processes.  If  it  is  postulated  that  at  the  highest  scan  rates,  the 
measured  value  of  the  current  function  reflects  the  equilibrium  con¬ 
centration  of  electroactive  species  and  that  the  equilibrium,  can  be 
written  as: 


2Mo ( III)  t  [Mo(III)]2 


[46] 


The  equilibrium  constant  K  is 

K  =  C2 


Mo 


{III)/C[Mo(III)]2 


[47] 


Table  43  shows  the  corresponding  values  of  K  and  the  monomer  and  dimer 
equilibrium  concentrations  calculated  on  the  assumption  that  D  = 

8.88  x  10~6  cm2s-1  at  450°C  obtained  from  potential  step  measurement 
and  assuming  D  =  1  x  10“-* 


3.5  Electrocrystallization  of  Molybdenum  from  Lithium  Chloride- 
Potassium  Chloride  Eutectic  Mixture  at  450°C 


Some  details  of  the  formation  of  new  molybdenum  phase  upon  the 
gold  substrate  have  been  obtained  by  potential  step  experiments.  The 
gold  substrate  was  100%  gold  sheet  material  previously  electropolished 
by  the  supplier.  Significant  overvoltages,  in  the  range  -300  to  -650  mV 
vs.  a  molybdenum  electrode  in  the  same  solution,  were  required  to  ob¬ 
serve  the  nucleation  and  growth  transients.  Some  typical  examples  of 
these  transients  are  shown  in  Figure  61.  Table  44  summarizes  the 
imax  and  tmax  values  obtained  from  these  transients  as  a  function  of 
the  overpotential.  Values  of  i^tm  at  each  overpotential  are  given 
m  the  table  and  plotted  as  a  function  of  the  overpotential  in  Figure 
62.  This  figure  shows  the  tenfold  increase  in  i2mtm  as  the  overpoten- 
tial  decreases.  According  to  the  theory  of  Hills  et  al .  (51)  changes 
in  this  quantity  due  to  changes  in  the  nucleation  process,  i.e.,  from 
instantaneous  to  progressive  nucleation  would  only  result  in  a  1.6  times 
increase.  The  time  ranges  of  the  measurements  preclude  charging  current 
effects  as  well  as  the  fact  that  for  the  chromium  system  such  an  effect 
causes  positive  deviations  in  the  measured  current  maximum  when  im  is 
plotted  vs.  tm-^  in  contrast  to  the  negative  deviations  observed  for  the 
molybdenum  data,  see  Figure  63.  In  view  of  the  solution  chemistry  of 
Mo ( III)  in  this  melt  (see  above),  these  results  can  be  rationalized  in 
terms  of  the  effect  of  the  preceding  reaction  [46] .  Indeed,  on  the  basis 
of  this  model  the  data  enable  the  equilibrium  constant  to  be  evaluated. 

At  the  shortest  times  (high  overvoltage) ,  the  growth  of  the  nuclei  is 
controlled  by  the  equilibrium  concentration  of  the  electroactive  species 
in  the  melt  in  contrast  to  the  situation  at  long  times  where  the  rate 
of  chemical  reaction  is  sufficient  to  convert  dimer  into  monomer  so  that 
the  growth  depends  on  the  total  concentration  of  Mo (III)  species  added 
to  the  solution.  Under  these  circumstances,  the  diffusion  coefficient 
can  be  calculated  from  the  value  of  i2mtm  and  is  found  to  be  8.9  x  10~6 
cm2s-1.  The  value  of  the  equilibrium  constant  K  for  reaction  [46]  is 


TABLE  43 


EQUILIBRIUM  CONSTANTS  DETERMINED  FOR  THE  MONOMER  DIMER  EQUILIBRIUM 
INVOLVING  Mo (III)  SPECIES  IN  LiCl-KCl  EUTECTIC 


T  Method  CT  x  106  CME  x  106  CDE  x  106  K  x  106 

°C  molcm-^  molcm-^  molcm-^  molcm“3 


550 

CP 

2.0605 

4.448 

1.809 

10.93 

550 

CV 

8.0605 

4.819 

1.623 

14.30 

450 

CV 

32.447 

11.553 

10.447 

12.78 

450 

PS 

32.447 

11.254 

10.596 

11.95 

CP  =  Chronopotentiometry 

CV  =  Cyclic  Voltammetry 

PS  =  Potential  Step 

CME  =  Equilibrium  concentration  of  monomer 
CdE  =  Equilibrium  concentration  of  dimer 
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-475  mV 


time  (sec) 

Fig.  61.  Current  time  transients  acquired  at  gold  elec¬ 
trode  (0.43  cm2)  in  molten  LiCl-KCl  mixture  at  450°C  for 
the  reduction  of  Mo (III)  at  different  overpotentials 
vs.  Mo2+/Mo . 
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TABLE  44 

POTENTIAL  STEP  RESULTS  FOR  GOLD  SUBSTRATE 
IN  LiCl-KCl  EUTECTIC  AT  450°C 


Concentration  Mo8  + 

Area  Au  electrode 
Atomic  Weight  Mo 

Density  of  Mo 

Diffusion  Coefficient  of  Mo2  + 
Rest  Potential  of  Au  Electrode 
Rest  Potential  of  Mo 


=  32.5  x  10"6  molcm-2 
=  0.43  cm2 
=  95.94  gmol~l 
=  10.2  gem-2 
=  8.88  x  10-8  cm2s“l 
=  -0.025V  vs.  Mo  reference 
=  0.120V  vs.  Ag  reference 


108i  (max)  t(max) 
Amps  sec 


7  ■  2  -2 

Overpotn  ^-m^m^  Nuclei  N  x  Rate  AN0from 

r,  (V)  A2s  Density  AN0  N(sat) 


1.880 

6.5600 

-0.305 

231.857 

8.88 

X 

104 

3.8 

X 

104 

1.64 

X 

104 

>■ 

2.250 

4.3200 

-0.315 

218. 700 

1.35 

X 

105 

8.7 

X 

104 

3.77 

X 

104 

2.52C 

3.2400 

-0.325 

205.753 

1.80 

X 

105 

1.5 

X 

105 

6.70 

X 

104 

r. 

2.860 

2. 4000 

-0.335 

196.310 

2.43 

X 

ID5 

2.8 

X 

105 

1.22 

X 

105 

c: 

3.220 

1.8000 

-0. 34r 

186.631 

3.24 

X 

105 

5.0 

X 

105 

2.17 

X 

105 

4  * 

3.22C 

1.8000 

-0.345 

186.631 

3.24 

X 

105 

5.0 

X 

105 

2.17 

X 

105 

3.850 

1.1200 

-0.365 

166.012 

5.20 

X 

105 

1.3 

X 

106 

5.61 

X 

105 

i 

4.250 

0.0000 

-0.375 

144.500 

7.28 

X 

105 

2.5 

X 

106 

1.10 

X 

106 

4.660 

0.6150 

-0.385 

133.551 

9.47 

X 

105 

4.3 

X 

106 

1.86 

X 

106 

4.550 

0.6700 

-0.365 

138.707 

8.69 

X 

105 

3.6 

X 

106 

1.57 

X 

106 

•  M 

5.230 

0.4350 

-0.405 

118.985 

1.34 

X 

106 

8.6 

X 

106 

3.72 

X 

106 

■y. 

•> 

5.970 

0.2850 

-0.425 

101.577 

2.04 

X 

106 

2.0 

X 

107 

8.66 

X 

106 

6.850 

0.2000 

-0.445 

93.845 

2.91 

X 

106 

4.1 

X 

107 

1.76 

X 

107 

■ 

7.520 

0.1540 

-0.455 

87.088 

3.78 

X 

106 

6.8 

X 

107 

2.97 

X 

107 

w. 

8.370 

0.1150 

-0.465 

80.565 

5.06 

X 

106 

1.2 

X 

108 

5.32 

X 

107 

~  • 

8.280 

0.1200 

-0.475 

82.270 

4.85 

X 

106 

1.1 

X 

108 

4.89 

X 

107 

8.150 

0.1320 

-0.475 

87.678 

4.41 

X 

106 

9.3 

X 

107 

4.04 

X 

107 

8.600 

0.1100 

-0.485 

81.356 

5.29 

X 

106 

1.3 

X 

108 

5.82 

X 

107 

9.200 

0.0900 

-0.495 

76.176 

6.47 

X 

106 

2.0 

X 

108 

8.69 

X 

107 

9.600 

G . 0825 

-0.505 

76.032 

7.06 

X 

106 

2.4 

X 

108 

1.03 

X 

108 

t-* 

9.400 

0.080 

-0.510 

70.688 

7.28 

X 

106 

2.5 

X 

108 

1.10 

X 

108 

10.900 

0.0500 

-0.525 

59.405 

1.16 

X 

107 

6.5 

X 

108 

2.82 

X 

108 

12.300 

0.0180 

-0.545 

27.232 

3.24 

X 

107 

5.0 

X 

109 

2.17 

X 

109 

15.100 

0.0120 

-0.575 

27.361 

4.85 

X 

107 

1.1 

X 

1010 

4.89 

X 

109 

// 

18.000 

0.0090 

-0.625 

29.160 

6.47 

X 

107 

2.0 

X 

1010 

8.69 

X 

109 

I 
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Fig.  62.  Plot  of  ijjtj,  vs.  applied  overpotential  for  molybdenum 
metal  deposition  on  a  gold  substrate  in  LiCl-KCl  eutectic  mix¬ 
ture  at  450°C . 


included  in  Table  43  for  comparison  wit;,  values  calculated  from  chrono- 
potentiometry  and  cyclic  voltammetry. 

3.5.1  Discussion 

The  voltammograms  for  the  reduction  of  the  molybdenum  (III) 
species  in  solution  at  550°C  are  rather  sharp  at  scan  rates  below 
100  mVs"l ,  see  Table  42 ,  showing  that  the  response  is  dominated  by 
the  metal  deposition  process  (0.77RT/nF  =  0.018V)  and  that  the  concen¬ 
tration  of  electroactive  species  is  not  controlled  by  the  kinetics  of 
the  equilibrium  between  Mo(III)  species  in  solution.  This  can  be 
contrasted  with  the  voltammograms  for  solutions  at  450°C  where  a 
plateau-like  response  is  observed  consistent  with  reaction  controlled 
overvoltage.  Thus,  at  potentials  lower  than  -0.15V  vs.  the  silver 
reference  electrode,  molybdenum  metal  is  produced. 

The  value  of  the  equilibrium  constant  calculated  on  the  basis  of 
the  voltammetric  measurements  and  the  potential  step  measurements  are 
in  remarkably  good  agreement  and  represent  the  first  measurement  of 
this  important  equilibrium  constant  in  lithium  chloride-potassium 
chloride  mixture.  The  concentration  of  monomer  and  dimer  are  seen  to 
be  of  the  same  order  of  magnitude  concentration  in  the  temperature  range 
450-550°C . 

The  nature  of  the  nucleation  process  is  not  readily  determined 
from  the  present  data  since  an  independent  value  of  the  diffusion  co¬ 
efficient  is  not  available.  Values  of  the  nucleus  density  are  calculated 
for  progressive  nucleation  assuming  that  at  these  high  overpotentials 
the  nucleation  is  arrested,  see  Table  44.  These  values  must  be  regarded 
as  order  of  magnitude  in  view  of  the  need  to  use  the  total  Mo (III)  con¬ 
centration  in  evaluating  these  numbers  from  the  tm  data.  At  the  highest 
overpotentials,  the  nucleus  densities  are  too  small.  Nevertheless,  the 
values  are  similar  order  of  magnitude  to  those  obtained  for  chromium 
deposition.  From  classical  nucleation  theory,  the  value  of  the  surface 
energy  for  molybdenum  on  gold  is  1040  mNm~l.  The  number  of  atoms  in  the 
nucleus  is  3  at  an  overvoltage  of  0.25V  where  nucleation  is  first  detected. 
The  rate  of  nucleation  is  2.1  x  10^6  cm2s“^.  On  the  other  hand,  for  the 
low  values  of  overpotential  the  atomistic  theory  gives  n  =  >0  which  means 
that  all  sites  are  nucleated  (65)  .  The  magnitudes  of  the  surface  energy 
and  the  nucleation  rate  are  significantly  different  from  those  reported 
in  Table  28  for  chromium  deposition  on  gold  at  450°C  which  may  be  attributed 
to  the  influence  of  the  preceding  reaction  on  the  electrocrystallization. 
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4.0  PLATING  OF  CHROMIUM  AND  MOLYBDENUM  FROM  LOWER 
MELTING  HALIDE  ELECTRODES 


The  preparation  of  coherent  deposits  of  chromium  and  molybdenum 
for  corrosion  and  erosion  protection  applications  is  of  current  interest. 
Although  chromium  can  be  plated  from  aqueous  electrolytes,  the  properties 
of  the  deposit  are  not  satisfactory  for  certain  more  demanding  applica¬ 
tions  in  energy  and  military  technology.  Molybdenum  cannot  be  plated 
from  aqueous  solution,  and  only  molten  alkali  metal  halide  electrolytes 
operating  at  temperatures  in  excess  of  700°C  have  been  found  to  produce 
satisfactory  plates.  At  such  high  temperatures,  the  cathode  substrate 
is  limited  in  composition,  and  in  addition,  the  plating  baths  themselves 
are  somewhat  unstable.  The  coating  is  also  rather  soft.  Mixtures  of 
alkali  metal  chlorides  and  bromides  containing  caesium  cations  provide  elec¬ 
trolytes  which  melt  in  the  region  200-300°C;  thus,  there  is  an  opportunity 
to  operate  plating  baths  at  much  reduced  temperatures  if  conditions  can 
be  found  for  the  production  of  coherent  plates.  Thi?  program  has  attempted 
to  develop  a  better  understanding  of  the  solution  chemistry  of  both  chrom¬ 
ium  and  molybdenum  precursors  in  such  electrolytes  as  well  as  providing 
insight  into  the  nucleation  and  growth  processes  of  the  metals  on  foreign 
substrates  so  that  the  plating  conditions  may  be  chosen  based  upon  a 
scientific  rather  than  an  ad  hoc  approach. 

The  recent  success  in  the  application  of  pulse  plating  and  the 
more  detailed  understanding  of  the  electrolysis  processes  themselves 
suggested  that  such  an  approach  might  be  beneficial  in  the  case  of  the 
present  metals.  In  this  section,  preliminary  results  of  the  application 
of  single  pulsed  current  plating  for  these  metals  from  two  different 
solvents  are  reported. 

Table  45  contains  results  of  some  plating  experiments  for  chromium 
from  LiCl-KCl  at  450°C.  The  results  showed  that  coherent  thin  coatings 
could  be  obtained  on  copper  with  good  throwing  power.  In  view  of  the 
interest  expressed  in  lower  melting  solvents,  this  work  was  not  pursued 
further.  Table  46  reports  some  results  obtained  for  the  deposition  of 
chromium  from  the  ternary  alkali  bromide  melt  at  335°C.  Coatings  were 
obtained  which  were  bright  and  coherent.  Examination  of  them  at  high 
magnification  in  the  SEM  showed  them  to  be  made  up  of  rather  granular 
chromium  crystals  as  illustrated  in  Figures  64  and  65.  The  formation 
of  nuclei  during  the  initial  pulses  is  shown  in  the  SEM  photograph  taken 
for  a  copper  electrode  after  removal  from  the  electrolysis  cell  (see 
Figure  65b) .  Corresponding  potential  time  curves  for  the  sequence  of 
current  pulses  are  presented  in  Figure  66.  The  presence  of  an  initial 
maximum  is  clearly  seen  corresponding  to  the  nucleation  process,  and 
these  transients  show  that  the  nucleation  process  decays  away  rapidly 
with  pulse  number.  After  the  fourth  pulse,  the  nucleation  maximum 
has  disappeared,  but  a  significant  overpotential  remains  when  the 
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potential  is  corrected  for  rR  effects  of  the  magnitude  shown  in  Figure 
66.  Contributions  due  to  concentration  polarization  do  not  completely 
account  for  this  overpotential,  and  it  must  be  concluded  that  over¬ 
potential  corresponding  to  the  development  as  well  as  the  formation  of 
nuclei  must  continue  to  contribute  at  this  early  stage.  It  can  be  seen 
from  the  interpulse  period  that  by  the  end  of  the  fifth  pulse  the  open 
circuit  potential  of  the  electrode  has  reached  that  of  the  Cr2+/Cr  rest 
potential  which  implies  that  the  activity  of  chromium  at  the  copper 
surface  is  close  to  unity.  After  subsequent  pulses,  the  potential 
during  the  interpulse  period  decays  to  this  same  value  within  a  few 
millivolts  which  suggests  that  the  interpulse  period  is  sufficient  to 
allow  the  concentration  gradients  developed  during  the  current  pulse 
to  decay  away  justifying  control  of  concentration  polarization  by  the 
ratio  of  toff /ton-  In  contrast,  the  deposition  on  nickel  and  stainless 
steel  showed  no  evidence  for  an  initial  nucleation  process,  although 
well  into  the  plating  a  sharp  prepeak  was  seen  in  the  transient  for 
deposition  on  nickel.  Current  efficiencies  were  satisfactory  for  such 
preliminary  studies  where  plating  conditions  were  far  from  optimal. 

Table  47  compares  results  from  this  work  with  other  data  for 
chromium  in  the  literature .  It  is  clear  that  the  low  melting  bromide 
electrolyte  offers  advantages  from  chromium  plating  and  refining, 
particularly  under  pulsed  conditions.  The  development  of  such  processes 
requires  a  detailed  study  of  the  relationship  between  plating  conditions 
and  deposit  structure.  Such  work  also  needs  concomitant  support  from 
continued  fundamental  studies  on  the  mechanism  of  nucleation  and  growth 
of  metal . 


£ 

B 


Molybdenum  coating  from  lower  melting  electrolytes  are  highly 
desirable  for  many  commercial  applications.  Previous  workers  had 
emphasized  the  need  for  high  temperature  to  obtain  coherent  deposits 
by  direct  current  procedures.  In  addition,  it  was  suggested  that  the 
electrolytes  were  unstable  at  lower  temperatures.  The  electrolytes 
based  upon  lithium  chloride-potassium  chloride,  prepared  and  operated 
here,  were  found  to  be  stable  at  450-550°C,  and  preliminary  experiments 
(see  Table  48}  showed  that  pulse  plating  could  yield  coherent  coatings 
as  illustrated  in  Figures  67  and  68. 


S 


These  preliminary  results  have  demonstrated  that  high  rate,  high 
current  efficiency,  low  temperature  molten  salt  plating  processes  for 
chromium  and  molybdenum  are  realistic  goals  using  pulsed  techniques.  The 
knowledgable  application  of  alkali  metal  chloride  and  bromide  electrolyte 
baths  will  ensure  that  substrates  currently  excluded  by  thermal  effects 
can  be  utilized  in  these  baths  operating  at  low  temperatures  (<450°C) . 

The  next  stage  in  their  development  is  the  establishment  of  the  optimal 
conditions  required  for  plating  which  will  be  based  upon  studies  of  the 
relationship  between  the  electrochemical  parameters  in  pulsed  plating  and 
the  structure  and  properties  of  the  coatings  so  formed.  Successful  achieve¬ 
ment  of  these  goals  will  lead  to  processes  which  will  provide  both  chromium 
and  molybdenum  plates  with  and  without  interstitial  elements  as  well  as 
alloy  coatings  of  chromium  and  molybdenum. 
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Fig.  68.  Robinson  backscattered  electron  image  of  cross 
section  of  a  molybdenum  deposit  on  nickel  from  LiCl-KCl 
bath  at  450°C.  Points  A  to  E  analyzed  for  elemental 
content. 
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